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SUMMARY 
I 
A sound p r e s s u r e  l e v e l  c r i t e r i o n  of 120 db h a s  been e s t a b l i s h e d  
f o r  r o c k e t  eng ine  n o i s e  i n t r u s i o n  i n t o  communities n e a r  t h e  John 
F .  Kennedy Space C e n t e r .  Th i s  c r i t e r i o n  i s  p a r t i a l l y  based on 
s u s p e c t e d  damage t h r e s h o l d s  of b u i l d i n g s  such a s  homes, s t o r e s ,  
e t c .  Normally,  t h e  n o i s e  produced d u r i n g  t h e  launch of a S a t u r n  
v o r  P o s t - S a t u r n  b o o s t e r  would not  exceed t h e  e s t a b l i s h e d  sound 
p r e s s u r e  l e v e l .  During adve r se  wea the r  c o n d i t i o n s ,  however, acous-  
t i c  energy may be focused  i n t o  community a r e a s  producing a n o i s e  
environment i n  excess  of 120 db. U n f o r t u n a t e l y ,  t h e r e  were no t  
s u f f i c i e n t  d a t a  on a c o u s t i c a l l y - i n d u c e d  s t r u c t u r a l  damage t o  com- 
munity dwe l l ings  t o  d e f i n e  how f a r  t h e  c r i t e r i a  cou ld  be exceeded. 
Th i s  s t u d y  w a s  conducted f o r  t he  D i r e c t o r  of S a f e t y ,  N a t i o n a l  
Aeronau t i c s  and Space Admin i s t r a t ion ,  John F .  Kennedy Space C e n t e r  
t o  e v a l u a t e  t h e  r o c k e t  eng ine  damage t h r e s h o l d s  n e a r  t h e  John F .  
Kennedy Space C e n t e r .  
The s t u d y  was conducted i n  f o u r  p h a s e s ,  Phase I w a s  a s t u d y  
phase which c o n s i s t e d  of a l i t e r a t u r e  su rvey ,  p r e d i c t i o n  of n o i s e  
environments ,  and community su rvey .  During t h e  second phase,  a 
s i n u s o i d a l  s i r e n  and i t s  a s s o c i a t e d  equipment w a s  t r a n s p o r t e d  t o  
t h e  John F .  Kennedy Space Center  and a c o u s t i c  t e s t s  were conducted 
on abandoned d w e l l i n g s  on t h e  M e r r i t t  I s l a n d  Annex. T e s t s  were 
a l s o  conducted on a NASA t e s t  w a l l  which i s  in s t rumen ted  du r ing  
S a t u r n  I f l i g h t s .  Labora to ry  t e s t s  u s i n g  a random s i r e n  and s i n u -  
s o i d a l  s i r e n  were conducted on a r e p l i c a  of t h e  NASA w a l l  d u r i n g  
t h e  t h i r d  phase.  During t h e  f o u r t h  phase t h e  d a t a  were ana lyzed  
and r e p o r t e d .  A 12-minute movie w a s  a l s o  produced. 
The r e s u l t s  of t h i s  s t u d y  showed t h a t  window damage i n  the  
T i t u s v i l l e  area produced as a r e s u l t  of a p o s t  S a t u r n  b o o s t e r  
f l i g h t  would be n e g l i g i b l e  except  d u r i n g  extreme f o c u s i n g  c o n d i -  
t i o n s .  Even t h e n ,  t h e  amount of breakage would be smal l .  Damage 
t o  p l a s t e r ,  however, cou ld  occur d u r i n g  minor f o c u s i n g  b u t  is  
u n l i k e l y  d u r i n g  s t a n d a r d  atmospheric  c o n d i t i o n s .  The p l a s t e r  
damage shou ld  be minor ,  such as small  c r a c k s ,  e t c .  The o n l y  
f e a s a b l e  c o n t r o l  i s  t o  launch du r ing  a tmosphe r i c  c o n d i t i o n s  which 
are  n o t  conducive t o  i n t e n s e  focus ing .  
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The i n t r u s i o n  of r o c k e t  engine n o i s e  i n t o  community areas 
w a s  one of  t h e  s a f e t y  haza rds  cons ide red  i n  t h e  p l a n n i n g  o f  t h e  
P o s t - S a t u r n  launch s i t e s  a t  t h e  John F .  Kennedy Space C e n t e r .  A 
sound p r e s s u r e  l e v e l  of  120 db (re 0.0002 dynes/cm2) w a s  e s t a b -  
l i s h e d  as t h e  maximum a l l o w a b l e  n o i s e  i n t r u s i o n  l e v e l .  The sub-  
s e q u e n t  l o c a t i o n  of  t h e s e  launch s i t e s  provided s u f f i c i e n t  s e p a -  
r a t i o n  d i s t a n c e  t o  conform t o  the n o i s e  c r i t e r i o n  d u r i n g  s t a n d a r d  
a tmosphe r i c  c o n d i t i o n s .  It w a s  found,  however, t h a t  some non- 
s t a n d a r d  a tmosphe r i c  c o n d i t i o n s  cou ld  produce f o c u s i n g  o f  t h i s  
a c o u s t i c  energy back t o  t h e  e a r t h ,  r e s u l t i n g  i n  sound p r e s s u r e  
l e v e l s  i n  e x c e s s  of  t h e  120-db l e v e l .  Thus, i t  became impor t an t  
t o  de t e rmine  how f a r  t h i s  c r i t e r i o n  could be s a f e l y  exceeded.  
Rocket eng ine  n o i s e  i n t r u s i o n  i n t o  community a r e a s  h a s  n o t  
been c o n s i d e r e d  a problem a t  the Kennedy Missile T e s t  Cen te r  i n  
t h e  p a s t .  The compara t ive ly  low a c o u s t i c  y i e l d  of  t h e  b o o s t e r  
e n g i n e s  i n  the  1 0 5 - l b - t h r u s t  c l a s s  and the  remote d i s t a n c e s  from 
t h e  communities t o  t h e  l aunch  s i t e s  p rec luded  t h e  occur rence  o f  
a community problem. The h ighe r  a c o u s t i c  power g e n e r a t e d  by 
t h e  P o s t - S a t u r n  b o o s t e r  e n g i n e s  and t h e  s h o r t e r  d i s t a n c e s  from 
t h e  Pos t -Sa tu rn  launch s i t e s  t o  communities o b v i o u s l y  c r e a t e d  'a 
more i n t e n s e  n o i s e  environment ,  There i s  s t i l l  a n o t h e r  f a c t o r  
t h a t  cou ld  compound t h i s  problem. The a c o u s t i c  spectrum of t h e  
l a r g e  d i ame te r  Pos t -Sa tu rn  b o o s t e r  eng ine  peaks a t  v e r y  low f r e -  
q u e n c i e s .  Thus, l e s s  a tmospheric  a t t e n u a t i o n  c o u l d  be expec ted  
and a n  i n t e n s e  amount of energy would be p r e s e n t  a t  t h e  r e s o n a n t  
f r equency  of community dwe l l ings .  
The 120-db-noise c r i t e r i o n  was e s t a b l i s h e d  as a s a f e  l e v e l  
based on e x p e r i e n c e  w i t h  j e t  eng ines  and lower t h r u s t  b o o s t e r  
e n g i n e s .  The c r i t e r i o n ,  however, has  s e v e r a l  sho r t comings .  Any 
e v a l u a t i o n  of n o i s e  must cons ide r  t i m e  of  exposure  and f r equency  
c o n t e n t  of  t h e  n o i s e  s o u r c e .  These pa rame te r s  are ex t r eme ly  i m -  
p o r t a n t  i n  examining the  Pos t -Sa tu rn  n o i s e  problem. P o t e n t i a l  
h a z a r d s  t o  the  community e x i s t  i n  p h y s i o l o g i c a l  damage t o  t h e  
occupan t s  of  a community, damage t o  p u b l i c  r e l a t i o n s ,  and damage 
t o  community d w e l l i n g s .  For  example, j e t  a i r c r a f t  n o i s e  and 
s o n i c  boom have r e c e n t l y  r ece ived  c o n s i d e r a b l e  p u b l i c i t y .  J e t  
a i r c r a f t  n o i s e  i s  lower i n  ampli tude than  r o c k e t  n o i s e  b u t  
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t he  occur rence  r a t e  i s  h i g h e r  by s i g n i f i c a n t  o r d e r s  of magni tude.  
Son ic  boom i s  of a d i f f e r e n t  f requency c o n t e n t ,  s h o r t e r  time e x -  
posu re ,  h i g h e r  ampl i tude ,  and h i g h e r  occur rence  r a t e .  Another 
example is  t h e  n o i s e  r e s u l t i n g  from t h e  S a t u r n  eng ine  s t a t i c  
f i r i n g s  a t  t h e  Marsha l l  Space F l i g h t  Cen te r  (MSFC) b e i n g  focused 
i n t o  the c i t y  of H u n t s v i l l e ,  Alabama. T h i s  n o i s e  problem was 
more a c u t e  than  t h e  one of  t he  Kennedy Space Cen te r  because of  
t h e  longer  time exposure and l a c k  of v i s i b l e  a s s o c i a t i o n  t h a t  
o c c u r s  d u r i n g  a f l i g h t .  The problem a t  MSFC cou ld  be s o l v e d ,  
however, by e x p e d i e n t  s c h e d u l i n g  and ground s u p p r e s s o r s .  These 
s o l u t i o n s  obv ious ly  cou ld  n o t  be a p p l i e d  a t  t h e  Kennedy Space 
C e n t e r .  The low f r equency  c o n t e n t  of t h e  Pos t -Sa tu rn  n o i s e  f i e l d  
shou ld  p r e c l u d e  h e a r i n g  damage. The p o s s i b i l i t y  of p h y s i o l o g i c a l  
damage i s  somewhat c o n t r o v e r s i a l .  The l i m i t e d  d a t a  t h a t  a r e  a v a i l -  
a b l e  on t h e  p h y s i o l o g i c a l  r e sponse  of human be ings  t o  low f r equency  
n o i s e  does n o t  appear  c o n c l u s i v e .  Because of t he  range of  sound 
p r e s s u r e  l e v e l s  cons ide red  (below 135 d b ) ,  t he  low occur rence  
r a t e  and the  s h o r t  t ime e x p o s u r e ,  i t  seems r e a s o n a b l e ,  however, 
t o  assume t h a t  t h e  p o s s i b i l i t y  of p h y s i o l o g i c a l  damage i s  somewhat 
remote.  S t r u c t u r a l  damage r e s u l t i n g  from a c o u s t i c  l o a d i n g ,  how- 
e v e r ,  may n o t  n e c e s s a r i l y  be time dependen t .  I f  t h e  a c o u s t i c  
f o r c e  produces d e f l e c t i o n s ,  which i n  t u r n  produce s t r e s s  l e v e l s  
above the y i e l d  s t r e s s ,  f a i l u r e  can  be i n s t a n t a n e o u s .  Such 
f a i l u r e s  have been produced i n  m i s s i l e  and space  b o o s t e r  s k i n  
t e s t s .  Because t h e  r o c k e t  eng ine  n o i s e  community problem h a s  
no t  been s e r i o u s  i n  t h e  p a s t ,  i n s u f f i c i e n t  d a t a  a r e  a v a i l a b l e  
on t h e  f r a g i l i t y  of wa l l s  and g l a s s  under a c o u s t i c  l o a d i n g  t o  a c -  
c u r a t e l y  p r e d i c t  damage t h r e s h o l d s .  Thus, t h e  need f o r  a t e s t  
program t o  a c q u i r e  such d a t a  i s  a p p a r e n t .  
To a c q u i r e  such d a t a ,  t he  t e s t  c o n d i t i o n s  r e q u i r e  r e a s o n a b l e  
d u p l i c a t i o n  of t he  i n t e n s e  low f r equency  n o i s e  t h a t  would be 
c h a r a c t e r i s t i c  of  t h e  Pos t -Sa tu rn  e n g i n e s .  I n  a d d i t i o n ,  d u p l i c a -  
t i o n  of t h e  edge c o n d i t i o n s  of windows i s  a l s o  i m p o r t a n t .  Such 
d u p l i c a t i o n  can  n o t  be gua ran teed  under  l a b o r a t o r y  c o n d i t i o n s  
w i t h  new windows because of  d r i e d  p u t t y ,  s t r e s s  due t o  f o u n d a t i o n  
s e t t l i n g ,  e t c .  To s a t i s f y  t h e s e  c o n d i t i o n s ,  a c o u s t i c  t e s t s  were 
made on abandoned houses  on t h e  M e r r i t t  I s l a n d  Launch Area (MILA) 
u s i n g  a s i n u s o i d a l  s i r e n .  Once t h e  e f f e c t  of boundary c o n d i t i o n s  
were determined,  t e s t s  were conducted on new windows under l a b o r a -  
t o r y  c o n d i t i o n s  where t h e  a c o u s t i c  spec t rum cou ld  be more accu -  
r a t e l y  d u p l i c a t e d .  
I 
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The o v e r a l l  o b j e c t i v e  of  the  s t u d y  w a s  t o  de te rmine  r o c k e t  
eng ine  n o i s e  damage t h r e s h o l d s  of community b u i l d i n g s  n e a r  t h e  
John F .  Kennedy Space Cen te r .  This  o b j e c t i v e  w a s  s a t i s f i e d  i n  
s i x  s t e p s .  
L i t e r a t u r e  Survey - E x i s t i n g  l i t e r a t u r e ,  i n c l u d i n g  r e s e a r c h  
p a p e r s ,  j o u r n a l s ,  i n d u s t r i a l  r e p o r t s  , e t c ,  were s t u d i e d  . The 
p e r t i n e n t  i n fo rma t ion  was ca t a loged  f o r  u s e  d u r i n g  t h e  s t u d y .  
Community Survey - A c r o s s  s e c t i o n  of  t h e  s t r u c t u r e s  i n  t h e  
community of  T i t u s v i l l e ,  F l o r i d a ,  and t h e  su r round ing  area was 
surveyed  t o  de te rmine  t h e  type ,  number, and s u s c e p t i b i l i t y  cate-  
go ry .  The su rvey  w a s  made on the  s i t e  and from d a t a  o b t a i n e d  
from such s o u r c e s  as t h e  NASA Community R e l a t i o n s  O f f i c e ,  b u i l d -  
i n g  i n s p e c t o r s ,  a e r i a l  o b s e r v a t i o n s ,  e t c .  
Noise  Level Survey - The noise  l e v e l s  i n  t h e  a r e a s  su r round ing  
M I L A  were p r e d i c t e d .  Weather e f f e c t s  were c o n s i d e r e d .  S t a t e - o f  - 
t h e  - a r  t knowledge w a s  a p p l i e d  . 
F i e l d  T e s t s  - Tests were conducted i n  the  f i e l d  on abandoned 
houses  on t h e  M e r r i t t  I s l a n d  Launch Area and on t h e  NASA t e s t  
w a l l .  S i n u s o i d a l  a c o u s t i c  energy was used  and the  e f f e c t  o f  f i e l d  
boundary c o n d i t i o n s  on window and w a l l  r e sponse  de te rmined .  
Labora to ry  T e s t s  - T e s t s  were conducted a t  t h e  Martin-Denver 
Acous t i c  Labora tory  t o  s i m u l a t e  r o c k e t  eng ine  a c o u s t i c  l o a d i n g .  
A r e p l i c a  of t h e  NASA t e s t  w a l l  was used.  
Data A n a l y s i s  - T e s t  d a t a  were ana lyzed  and p l a t e  v i b r a t i o n  
t h e o r y  used t o  de te rmine  damage t h r e s h o l d s .  
C .  SCOPE 
The s t u d y  w a s  conducted i n  f o u r  phases :  
Phase I - l i t e r a t u r e  survey ,  community su rvey ,  and n o i s e  l e v e l  
su rvey ;  Phase I1 - f i e l d  t e s t  and d a t a  a n a l y s i s ;  Phase I11 - 
l a b o r a t o r y  t e s t  and d a t a  a n a l y s i s ;  and Phase I V  - t h r e s h o l d  p r e -  
d i c t i o n s ,  r e p o r t ,  and f i l m .  
Mar t in  CR-64-65 ( V o l  I) 
The s t u d y  was l i m i t e d  t o  those  types  of s t r u c t u r e s  t y p i c a l  
of t h e  T i t u s v i l l e  a r e a .  The d a t a  should a l s o  be  a p p l i c a b l e ,  how- 
e v e r ,  t o  s t r u c t u r e s  i n  o t h e r  areas.  Data were ana lyzed  by con-  
v e n t i o n a l  methods and no new theo ry  was used o r  r e s u l t e d .  
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11. TEST PROGRAM 
A .  FIELD TESTS 
1. T e s t  Equipment 
A f i e l d  t e s t  u n i t  was assembled and checked o u t  a t  t h e  Mar t in -  
Denver Acous t i c  T e s t  F a c i l i t y .  The u n i t  w a s  des igned  t o  be s e l f -  
c o n t a i n e d ,  p o r t a b l e ,  and capable  of o p e r a t i o n  i n  t h e  sandy s o i l  
o f f  e x i s t i n g  F l o r i d a  r o a d s .  The equipment c o n s i s t e d  of a s i n u s o i -  
d a l  s i r e n ,  pneumatic c o n t r o l  system f o r  t h e  a i r  s o u r c e ,  e l e c t r i c a l  
c o n t r o l  system f o r  speed c o n t r o l ,  d i e s e l  d r i v e n  power supp ly ,  and 
a s s o c i a t e d  i n s t r u m e n t a t i o n .  P o r t a b l e  a i r  compressors  and t h e  
d i e s e l  power supp ly  were ob ta ined  by the M a r t i n  Company a t  the  
t es t  a r e a .  The f i e l d  t e s t  u n i t  i t s e l f  w a s  sh ipped  t o  F l o r i d a  
from Denver. The composi te  t e s t  u n i t  is  shown i n  F i g .  11-1. 
2 .  T e s t  Specimen D e s c r i p t i o n  
T e s t s  were performed on 1 7  t e s t  windows and tes t  w a l l s ,  w i th  
approx ima te ly  2700 a c c e l e r o m e t e r ,  a c o u s t i c ,  and s t r a i n  d a t a  p o i n t s  
a c q u i r e d .  A d e s c r i p t i o n  o f  the t e s t  specimens is  g iven  i n  Table  
11-1. 
3 .  F l o r i d a  Layout 
A t y p i c a l  t e s t  equipment l ayou t  i s  shown i n  F i g .  11-2 and 
11-3 .  F i g u r e  11-2 shows the  a c o u s t i c  t e s t  f i x t u r e  a d j a c e n t  t o  a 
t e s t  specimen.  The a i r  compressors a r e  t o  t h e  r i g h t  of the  t e s t  
f i x t u r e ,  and a r e  shown i n  F i g .  11-3. The pane l  t r u c k  i n  the  l e f t  
foreground of F i g .  11-3 houses  t h e  i n s t r u m e n t a t i o n  and a c o u s t i c  
s i r e n  c o n t r o l s .  The pane l  t r u c k  was parked approximate ly  200 f t  
from t h e  a c o u s t i c  s i r e n  f o r  each t e s t ,  due t o  t h e  h igh  a c o u s t i c  
l e v e l s  g e n e r a t e d .  
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Table 11-1 Descript ion of Tes t  Specimens 
Location 
K8 -989 
NASA Tes t  Wall 
NASA Test  Wall 






1 m i  N of 
D u m m i t  Grove, 
W Side A I A  
1 m i  N of 
D u m m i t  Grove, 
W Side A I A  
1 / 4  m i  S Old 
Canal, W Side 
A I A  
114 m i  S Old 
Canal, W Side 
AIA 
1-118 m i  N of 
D u m m i t  Grove, 1 
Side A I A  
1 m i  W of 
Wilson, N Side 
402 
K8-990 
NASA Tes t  Wall 
Martin Test  
Wall 




















































4 x 34 
26 x 24 
14 x 33 
30 x 13 
89 x 61 
89 x 86 
37 x 56 
1 2  x 16 
11 x 34 
2% x 16% 
32 x 22 
14 x 33 
83 x 51f 
4 x 34 
48 x 60 
23-518 x 
13-518 












Fixed ( P l a t e )  








Cas emen t 
Fixed ( p l a t e )  
Ja lous ies  
Fixed 
Wood Double 
Hung (4 Panes) 
Awning 
Wood Double 
Hung (2 Panes) 
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4 .  I n s t r u m e n t a t i o n  
A t  least one microphone was used d u r i n g  each test  run .  
t i c  levels were measured a t  d i s c r e t e  f r e q u e n c i e s ,  a t  each  test  
window and /o r  w a l l .  
a c o u s t i c  levels from 20 cps  t o  10,000 cps .  Three o r  f o u r  ac- 
c e l e r o m e t e r s  were a t t a c h e d  t o  each tes t  specimen f o r  each  t e s t  
run .  The acce le romete r s  used were C l e v i t e ,  t y p e  2E-5, and d i d  
n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  the mass of  each tes t  specimen. 
A maximum of  two s t r a i n  gages were a l s o  a t t a c h e d  t o  some of  t h e  
t es t  windows. A Bruel and Kjaer  (B&K) narrow band a n a l y z e r  was 
used  t o  monitor  t h e  sound p res su re  l e v e l  e x i s t i n g  a t  each t es t  
specimen, f o r  each  t e s t  run .  The a n a l y z e r  was capab le  of  moni- 
t o r i n g  bo th  o v e r a l l  and d i s c r e t e  f requency  a c o u s t i c  l e v e l s .  
Acous- 
The microphone w a s  c a p a b l e  of  measuring 
Two methods of o b t a i n i n g  d a t a  a t  t h e  tes t  s i t e  were used.  
A BdrK microphone a m p l i f i e r  u n i t  was used t o  o b t a i n  a t a b u l a t i o n  
o f  t h e  acce le romete r  d a t a .  A swi t ch ing  u n i t  made i t  p o s s i b l e  t o  
q u i c k l y  o b t a i n  a l l  acce l e romete r  r e a d i n g s  du r ing  each t e s t  run .  
I n  a d d i t i o n  t o  t h e  t a b u l a t e d  d a t a  o b t a i n e d  i n d i r e c t l y  from t h e  
B&K narrow band a n a l y z e r  and microphone a m p l i f i e r ,  a Minneapol is-  
Honeywell V i s i c o r d e r  was a l s o  used t o  o b t a i n  a permanent r e c o r d  
o f  t h e  d a t a .  F igu re  11-4 shows the  i n s t r u m e n t a t i o n  i n  t h e  t r u c k  
van.  
5 .  T y p i c a l  Test Run D e s c r i p t i o n  
The a c o u s t i c  test f i x t u r e  was backed up t o  t h e  test  window. 
A t y p i c a l  s e t u p  i s  shown i n  F ig .  11-5.  F igu re  11-6 shows t h e  
a c t u a l  mounting o f  fou r  acce le romete r s  on t h e  t es t  window. The 
microphone used t o  monitor t h e  window a c o u s t i c  environment  was 
a t t a c h e d  t o  t h e  bungee co rd ,  a s  shown i n  t h e  f i g u r e .  I n  a d d i -  
t i o n ,  two s t r a i n  gages were a t t a c h e d  t o  t h e  c e n t e r  o f  t h e  g l a s s  
as shown. F igu re  11-7  i s  a ske tch  showing t y p i c a l  acce le romete r  
l o c a t i o n s  f o r  a j a l o u s i e - t y p e  window. A f t e r  t h e  i n s t r u m e n t a t i o n  
was i n s t a l l e d  and c a l i b r a t e d ,  three r u n s  were made t o  cover  t h e  
f requency  range  of  i n t e r e s t  (approximate ly  20 cps  t o  550 c p s ) .  
Belts c o n t r o l l i n g  s i r e n  speed (and t h u s  f requency)  were changed 
t w i c e  f o r  each  window. During each run ,  d a t a  were t a k a  a t  each  
f r equency  a t  a c o n s t a n t  a c o u s t i c  l e v e l ,  whenever p o s s i b l e .  Ac- 
c e l e r o m e t e r ,  a c o u s t i c ,  and s t r a i n  d a t a  were normal ly  ob ta ined  
d u r i r g  each  run.  
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Fig. 11-6 Four Accelerometers Mounted on Test Window 
Martin CR-64-65 (Vol I) 
- - Note: 1. Pane size: 34x4x3/16 in. 
2 .  Aluminum sash.  
I1 -9 
Run 1 (K8-989) 
Run 16 
Fig. 11-7 Typical Jalousie-Type Window Accelerometer Locations 
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6 .  NASA Wall Tests  
Acoust ic  t e s t s  were a l s o  conducted on t h e  two NASA w a l l s ,  
which a r e  no rma l ly  l o c a t e d  i n  t h e  n e a r  v i c i n i t y  of S a t u r n  I l aunch  
s t a n d s .  A s k e t c h  of  t h i s  w a l l  i s  shown i n  Fig.  11-8 and a photo- 
graph i n  F ig .  11-9 .  The w a l l  was r e l o c a t e d  n e a r  t h e  t e s t  b u i l d -  
i n g s  f o r  t h e s e  t e s t s .  F igu re  11-10 i s  a drawing of  t h e  second NASA 
w a l l  t e s t e d  i n  F l o r i d a .  Th i s  w a l l  was c o n s t r u c t e d  w i t h  c o n c r e t e  
b lock .  The t e s t  equipment was moved d i r e c t l y  o n t o  S a t u r n  Complex 
3 7  f o r  pu tposes  of t e s t i n g  t h i s  w a l l .  A c o u s t i c ,  a c c e l e r o m e t e r ,  
and s t r a i n  d a t a  were t aken  on bo th  w a l l s .  
7 .  Tes t  R e s u l t s  and Data A n a l y s i s  
The d a t a  o b t a i n e d  d u r i n g  a t y p i c a l  t e s t  r u n  a r e  shown i n  
t a b u l a t e d  form i n  Table  11-2 .  Unless  o t h e r w i s e  no ted  t h e  d a t a  
a r e  r e l a t e d  t o  a n  a c o u s t i c  l e v e l  of  135 d b .  F i g u r e  11-11 shows 
t h e  s c a t t e r  of  a c c e l e r o m e t e r  d a t a  p o i n t s  f o r  t he  composi te  t e s t  
r u n s .  An a n a l y s i s  of  t h e  d a t a  i s  p r e s e n t e d  i n  f u r t h e r  d e t a i l  i n  
Chap. I11 of t h i s  r e p o r t .  
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T a b l e  11-2 Sample Data S h e e t ,  F l o r i d a  T e s t s  
( T e s t  Run 6 - 1, 2, 3 - F i x e d - P l a t e  Window) 
A c c e l e r -  
ometer  1 
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Note: All accelerometer data normalized to 135 db. 
1 30 40 50 60 80 100 200 300 400 500 t 
Frequency (cps) 
70 90 
Fig. 11-11 Scatter of Data from Florida Tests, Center Accelerometer 
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B .  LABORATORY TESTS 
1. Test Specimen 
A t e s t  p a n e l  was c o n s t r u c t e d  a t  t h e  Martin-Denver Acous t i c  
F a c i l i t y .  Th i s  panel  w a s  des igned  a f t e r  t h e  drawing shown i n  F i g .  
11-9 t o  s i m u l a t e  t h e  NASA t e s t  w a l l .  The Denver t e s t  pane l  i s  
shown i n  F i g .  1 1 - 1 2 .  The random s i r e n  i s  shown i n  p o s i t i o n  f o r  
a t e s t  on t h e  l e f t  window. The mouth of t h e  e x p o n e n t i a l  ho rn  was 
p l aced  3 f t  from t h e  window. The Denver t es t  panel  was s i m i l a r  
t o  t h e  F l o r i d a  p a n e l ,  e x c e p t  i t  was covered w i t h  s t u c c o .  
2 .  I n s t r u m e n t a t i o n  
Random T e s t s  - A c c e l e r a t i o n  and s t r a i n  d a t a  were a c q u i r e d  from 
t h e  window t e s t s .  Sound-pressure l e v e l s  were measured 2 i n .  from 
t h e  windows. The microphone used i n  t h e s e  measurements was a l s o  
used t o  c o n t r o l  t h e  s i r e n  o u t p u t .  The a c c e l e r o m e t e r  and s t r a i n  
gage measurement systems were t h e  same as used i n  t h e  F l o r i d a  
t e s t s .  The s t a n d a r d  a c o u s t i c  m o n i t o r i n g  system, which h a s  been 
used a t  t h e  M a r t i n  Acous t i c s  Labora to ry  f o r  s e v e r a l  y e a r s ,  w a s  
used f o r  s o u n d - p r e s s u r e - l e v e l  measurements.  Th i s  system i s  made 
up  of Altec Lansing components. The f r equency  r e sponse  of a l l  
systems was f l a t  ( i 2  db) w i t h i n  t h e  r ange  of i n t e r e s t .  S i n g l e -  
p o i n t ,  end-to-end c a l i b r a t i o n s  were used t o  e s t a b l i s h  system g a i n  
b e f o r e  each t e s t .  Accelerometer  channe l  g a i n  was e s t a b l i s h e d  
r e l a t i v e  t o  peak c a l i b r a t i o n  l e v e l s .  A l l  d a t a  were r eco rded  on 
magnetic t a p e .  Accelerometer  and s t r a i n  gage l o c a t i o n s  d u p l i c a t e d  
t h o s e  of t h e  F l o r i d a  t e s t s .  
S i n u s o i d a l  T e s t s  - A c c e l e r a t i o n  and s o u n d - p r e s s u r e - l e v c l  
measurements were a c q u i r e d  us ing  t h e  same measurement systems,  
excep t  f o r  t h e  r e c o r d e r .  Accelerometers  were l o c a t e d  i n  t h e  c e n t e r  
of a t  l e a s t  two panes i n  each window. The o u t p u t  of t h e  micro-  
phones was monitored on a B&K aud io  f r e q u e n c y  s p e c t r o m e t e r  and 
o s c i l l o s c o p e  w h i l e  t h e  a c c e l e r o m e t e r  o u t p u t  w a s  monitored on t h e  
r m s  meter of a B&K microphone a m p l i f i e s  and an o s c i l l o s c o p e .  
3 .  Tes t  Procedure 
Random Tests - Following c a l i b r a t i o n ,  t h e  windows were t e s t e d  
a t  o v e r a l l  sound-p res su re  l e v e l s  of 135, 140, 145, and 150 db. 
A l l  d a t a  wcse r eco rded  on magne t i c  t a p e  f o r  l a t e r  a n a l y s i s .  During 
t h e  r eco rd ing ,  t h e  o v e r a l l  sound-p res suse  l e v e l  w a s  monitored t o  
m a i n t a i n  k1 db m a x i m u m  f l u x u a t i o n .  An example of t h e  s i r e n  o u t p u t  
i s  shown i n  F i g .  11-13. 
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S i n u s o i d a l  T e s t s  - The windows were t e s t e d  a t  sound-p res su re  
levels  of  135 db  a t  f r e q u e n c i e s  co r re spond ing  t o  t h e  c e n t e r  113- 
o c t a v e  f i l t e r  f r e q u e n c i e s  ( i . e . ,  25, 31.5, 40, ... 615 cps)  i n  a 
f r e q u e n c y  band r ang ing  from 25 t o  615 c p s .  
f r e q u e n c y  w a s  e s t a b l i s h e d ,  t h e  sound-pressure level  w a s  i n c r e a s e d  
i n  3-db s t e p s  from 130 t o  154 db. Because t h e  r e s o n a n t  f r e q u e n c y  
g e n e r a l l y  occur red  i n  t h e  25-cps band, i t  w a s  n o t  p o s s i b l e  t o  t e s t  
h i g h e r  t han  154 db. 
Once t h e  r e s o n a n t  
4 .  T e s t  R e s u l t s  
Random T e s t s  - No f a i l u r e s  occurred d u r i n g  t h e  random tes ts .  
An example of t h e  a c c e l e r o m e t e r  o u t p u t  f o r  t h e  e x c i t a t i o n  l e v e l s  
i n  F i g .  11-13 i s  shown i n  F i g .  11-14. 
S i n u s o i d a l  T e s t s  - S u b s t a n t i a l  damage w a s  i n f l i c t e d  on windows 
and w a l l s ,  Window f a i l u r e s  a r e  t a b u l a t e d  below. 
L e f t  Window 
C e n t e r  Window 
L e f t  Window 
Data from t h e s e  t e s t s  are shown i n  F i g .  11-15 t h r u  11-17. The 
s p r e a d  of a c c e l e r a t i o n  da t a  i s  shown i n  F i g .  11-18. Photographs 
of window damage a r e  shown i n  F ig .  11-19 and 11-20. I n  a d d i t i o n  
t o  window g l a s s  breakage,  some damage t o  casements and metal  s t r i p -  
p i n g  a l s o  o c c u r r e d .  T h i s  damage w a s  observed on t h e  t e l e v i s i o n  
mon i to r ,  a t  o r  j u s t  b e f o r e  g l a s s  b reakage .  Fol lowing t h e  f i r s t  
t e s t ,  d r y w a l l  p las te r  board w a s  l oosened .  The w a l l  w a s  r e n a i l e d  
and o b s e r v a t i o n s  made between t e s t s  where ampl i tude  was i n c r e a s e d  
3 db. No l o o s e n i n g  w a s  observed below 147 db. Above 147 db, t h e  
d r y w a l l  became l o o s e  as a f u n c t i o n  of t ime .  
3 minu tes  w a s  s p e n t  on each dwell ,  t h e  w a l l  w a s  exposed t o  sound- 
p r e s s u r e  l e v e l s  above 147 db, f o r  s l i g h t l y  o v e r  9 m i n u t e s .  The 
damage from t h e  f i r s t  t e s t  c o n s i s t e d  of n a i l s  p u l l e d  from t h e  
s t u d s .  Fol lowing t h e  t e s t s  on t h e  o t h e r  windows, however, t h e  
d r y w a l l  had broken around t h e  n a i l s .  Photographs of w a l l  board 
damage are  shown i n  F ig .  11-21. No obvious c r a c k s  were produced 
i n  the  s t u c c o .  Immediately a f t e r  t he  window behind t h e  c o n t r o l  
microphone b roke ,  t h e  sound p r e s s u r e  l e v e l ,  as measured by t h i s  
microphone, w a s  found t o  have decreased approx ima te ly  6 d b .  
S i n c e  approx ima te ly  
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5 .  T e s t  Environments 
The random s i r e n  produces a con t inuous  random n o i s e  and i s  
v e r y  r e p e a t a b l e .  No a t t e m p t  w a s  made t o  a n a l y z e  t h e  random n o i s e  
i n  f i l t e r s  narrower t h a n  113 o c t a v e ,  s i n c e  such a c c u r a c i e s  were 
n o t  war ran ted .  P rev ious  5-cps band a n a l y s i s ,  however, d i d  n o t  
show any "holes" i n  t h e  spectrum. The random spectrum i s  r eason-  
a b l y  r e p r e s e n t a t i v e  of a r o c k e t  eng ine  n o i s e  spectrum. 
The s i n u s o i d a l  s i r e n  was des igned  t o  o p e r a t e  a t  h i g h e r  a i r  
p r e s s u r e s  than  were r e q u i r e d  t o  produce 135 db. A s  a r e s u l t ,  a 
p u r e  tone wave was n o t  a lways produced and some harmonics were 
p r e s e n t .  When t h e s e  d i s t o r t i o n s  were p r e s e n t ,  t h e  d a t a  a t  t h e s e  
f r e q u e n c i e s  were no t  u s e d ,  No d e f i n i t e  c r i t e r i a  were used.  The 
d e c i s i o n  t o  i n c l u d e  d a t a  was l e f t  t o  t h e  t e s t  c o n d u c t o r .  No a t -  
t e m p t  was made t o  s a l v a g e  v i b r a t i o n  d a t a  by f i l t e r i n g .  The € r e -  
quency o€  t h e  s i r e n  was s e t  by s e a r c h i n g  i n  a narrow band a t  a 
c o n s t a n t  ampl i tude ,  u n t i l  t h e  f i l t e r  o u t p u t  was maximum. T h i s  
t echn ique  has  been used i n  t h e  pas t  and has  produced a c c u r a c i e s  
g r e a t e r  t han  +3%. - The u n f i l t e r e d  waveform was monitored on an 
o s c i l l o s c o p e .  When t h e  f i l t e r  o u t p u t  changed more t h a n  112 db, 
t h e  frequency and ampl i tude  were bo th  r e e s t a b l i s h e d .  
A complete d e s c r i p t i o n  of t h e  a c o u s t i c  t e s t  f a c i l i t i e s  i s  
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11-17 Measured Acceleration Levels, Center Accelerometer, Right 
Window, Denver Test Panel, Sinusoidal Excitation 
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F i g .  11-18 Spread of Data Points from Center Accelerometer for  Denver 
Panel Sinusoidal Tests 
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Fig .  11-19 Window Breakage Due to Sinusoidal Excitation on Left 
Window of Denver Test Panel 
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(a) Center Window . 
(b) Right Window 
Fig.  11-20 Window Breakage Due t o  Sinusoidal  E x c i t a t i o n  on Center  and Right 
Windows of Denver Tes t  Panel 



















T h i s  c h a p t e r  d e s c r i b e s  t h e  a n a l y t i c a l  t echn iques  t h a t  were 
used  t o  de t e rmine  t h e  n o i s e  hazard  p o t e n t i a l ,  e v a l u a t e  t h e  tes t  
r e s u l t s ,  and fo rmula t e  the  c o n c l u s i o n s .  The i n f o r m a t i o n  is con- 
t a i n e d  i n  t h r e e  s e c t i o n s ;  community su rvey ,  n o i s e  l e v e l  p r e d i c -  
t i o n s ,  and dynamic a n a l y s i s  of windows. The e v a l u a t i o n  of t h e  
r e s u l t s  i s  c o n t a i n e d  i n  Chap. IV. 
A. COMMUNITY SURVEY 
This  su rvey  w a s  conducted in  t h e  T i t u s v i l l e  area d u r i n g  Feb- 
r u a r y  1964. The su rvey  was conducted by a h e l i c o p t e r  su rvey ,  
confe rence  w i t h  l o c a l  and c o m t y  o f f i c i a l s ,  and a b u i l d i n g  c o u n t .  
The survey  inc luded  a d e f i n i t i o n  of communit ies ,  t ype  of b u i l d i n g s ,  
and  placement  i n  s u s c e p t i b i l i t y  c a t e g o r i e s  w i t h i n  t h e  a r e a  shown 
i n  F i g .  111-1. None of t h e  b u i l d i n g s  w i t h i n  the  J. F.  Kennedy 
Space Cen te r  are c o n s i d e r e d .  
1. Survey 
F i g u r e  111-1 shows t h a t  t h e  communities c l o s e s t  t o  the  P o s t -  
S a t u r n  launch  s i tes  i n c l u d e  T i t u s v i l l e ,  M i m s ,  Scot t smoor ,  and Oak 
H i l l ,  F l o r i d a .  Th i s  g e n e r a l  a r e a  i s  now predominant ly  a g r i c u l t u r a l  
w i t h  t h r e e  e x c e p t i o n s :  
1) The a r e a  no r thwes t  of T i t u s v i l l e ,  a lmos t  r e a c h i n g  M i m s ,  
i s  suburban w i t h  the m a j o r i t y  of t h e  p o p u l a t i o n  housed 
i n  small s u b d i v i s i o n s .  The l a n d  between s u b d i v i s i o n s  
is  farmed w i t h  s t r i p  development a l o n g  S t a t e  Highway 
405. 
2)  The s p a r s e l y  developed a r e a s  a l o n g  Highway US 1 
c o n s i s t s  of commercial and r e s i d e n t i a l  s t r u c t u r e s ,  t h e  
m a j o r i t y  of which a r e  i n  f a i r  t o  poor maintenance and 
p a i n t  c o n d i t i o n .  
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111-2 
Fig. 111-1 Communities Adjacent t o  John F. Kennedy Space Center 
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3 )  M i m s ,  F l o r i d a ,  i s  a small  u n i n c o r p o r a t e d  community, 
suppor t ed  by a g r i c u l t u r e ,  and showing none o f  t h e  
r a p i d  growth t h a t  h a s  developed a few miles t o  t h e  
sou th .  A predominant f e a t u r e  o f  M i m s  i s  t h e  economi- 
c a l l y  d e p r e s s e d  neighborhood. Ranging from one t o  
t h r e e  b l o c k s  wide and over  a m i l e  i n  l e n g t h ,  t h i s  
community o f  shacks ,  s h a n t i e s ,  small homes, churches ,  
and a s c h o o l  i s  t h e  n e a r e s t  t o  t h e  l aunch  s i t e s .  
F u t u r e  development of  M I L A  w i l l  undoub ted ly  c a u s e  e x t e n s i v e  
changes i n  t h i s  a r e a .  The l a n d  between Highway US 1 and the 
I n d i a n  R ive r  i s  now, and shou ld  remain,  i n  g roves .  The a r e a  
west o f  Highway US 1 w i l l  become i s l a n d  a f t e r  i s l a n d  of sub- 
d i v i s i o n  hous ing  between t h e  swamps and l a k e s .  
The s u r v e y  t o  de t e rmine  c o n s t r u c t i o n  o f  t h e  i n d i v i d u a l  s t r u c -  
t u r e s  and t h e  m a t e r i a l  used was performed i n  t h r e e  p a r t s :  
1 )  A h e l i c o p t e r  t r i p  over t h e  a r e a  r e v e a l e d  t h e  o v e r a l l  
p a t t e r n .  It a l s o  helped l o c a t e  h idden  areas which l i e  
beyond t h e  edge of  the r o a d ,  and t h e  p a t t e r n s  o f  p a s t  
and p o s s i b l e  f u t u r e  growth, i n c l u d i n g  t h e  problems 
s o l v e d  and t h o s e  t o  be encoun te red ;  
2 )  A se r ies  o f  confe rences  w i t h  NASA p e r s o n n e l  and c i t i -  
zens of  t h e  community known t o  be knowledgable i n  t h e  
problem produced t h e  s p e c i f i c  i n f o r m a t i o n  on c o n s t r u c -  
t i o n  methods and m a t e r i a l s ,  bo th  a s  t o  d e s c r i p t i o n  and 
p e r i o d s  of  u s e ;  
3 )  The f i n a l  phase  was the  a c t u a l  s t r u c t u r e  coun t .  Sample 
a r e a s  were chosen and 1200 human s h e l t e r s  were c l a s -  
s i f i e d  a s  t o  u s e ,  c o n s t r u c t i o n ,  r o o f i n g  m a t e r i a l ,  win- 
dow s i z e s  and m a t e r i a l ,  a g e ,  maintenance,  e t c .  
The r e s u l t s  of  t h e  su rvey  a r e  l i s t e d  i n  t h e  o r d e r  t h e y  were 
o b t a i n e d ;  however, i n f o r m a t i o n  from a l l  phases  i n f l u e n c e d  matters  
o f  judgment th roughou t  t h e  survey.  
H e l i c o p t e r  R e s u l t s  - The g r e a t e r  p o r t i o n  o f  t h e  p o p u l a t i o n  
s u r r o u n d i n g  t h e  John  F. Kennedy Space Cen te r  i s  housed s o u t h  of  
t h e  a r e a  o f  i n t e r e s t .  C u r r e n t l y  t h e  major growth around T i t u s -  
v i l l e  i s  t o  t h e  w e s t  and s o u t h .  New b u i l d i n g  t o  t h e  n o r t h  i s  
s c a t t e r e d  and small  by comparison. Though t h e  a r e a  i n v o l v e d  i s  
l a r g e l y  r u r a l  now, t h e  i n d i c a t e d  growth of  t h e  Cen te r  w i l l  make 
i t  s u b u r b i a  i n  t h e  immediate f u t u r e .  I t  i s  e s t i m a t e d  t h a t  70 
p e r c e n t  of  t h e  f u t u r e  r e s i d e n t i a l  s t r u c t u r e s  i n  t h i s  a r e a  w i l l  
b e  b u i l t  o f :  
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1) Concre t e  b lock  wa l l s  t h a t  may o r  may n o t  have e x t e r i o r  
s t u c c o  f i n i s h ;  
2 )  Aspha l t  s h i n g l e  o r  b u i l t u p  roo f  w i t h  p r e f a b r i c a t e d  
roof  t r u s s e s  s u p p o r t i n g  s h e a t h i n g ;  
3 )  Aluminum awning-type windows (15 pe r  s t r u c t u r e ) ;  
4 )  I n t e r i o r  f i n i s h  of d r y w a l l  t o  f u r r i n g .  
The m a j o r i t y  of t h e  remaining 30 p e r c e n t  w i l l  be economical con-  
s t r u c t i o n  o f  c o n c r e t e  b l o c k  w a l l s ,  same roof  as above,  aluminum 
framed j a l o u s i e  windows, and i n t e r i o r  f i n i s h  of  t h i n  p l a s t e r  c o a t  
a p p l i e d  d i r e c t l y  t o  b l o c k .  
Conference R e s u l t s  - C o n s t r u c t i o n  and m a t e r i a l  i n f o r m a t i o n  
o b t a i n e d  from c o n f e r e n c e s  inc luded :  
1) The hu r r i cane -p roof  c o n s t r u c t i o n  h a s  become p a r t  of 
t he  b u i l d i n g  code r equ i r emen t s  o f  t h e  a r e a .  It  re -  
q u i r e s  a con t inuous  bond beam around t h e  p e r i m e t e r  
and c a p i n g  t h e  masonry w a l l s  of a l l  s t r u c t u r e s ;  
f u r t h e r  a l l  roof  members s h a l l  have s p e c i f i e d  minimum 
t i e s  t o  t h i s  beam. The p r e f a b r i c a t e d  l i g h t  k ing  p o s t  
t r u s s  w i t h  s h e e t  metal g u s s e t s  and s t r a p  s t e e l  anchor s  
h a s  become a s t a n d a r d ;  
2 )  The l o c a l l y  manufactured c o n c r e t e  b l o c k  d i f f e r s  con-  
s i d e r a b l y  from t h a t  g e n e r a l l y  found i n  o t h e r  l o c a t i o n s .  
It i s  p r a c t i c a l l y  impervious t o  m o i s t u r e ,  and shou ld  
have a c o u s t i c  t r a n s m i s s  i o n  l o s s  s u p e r i o r  t o  o t h e r  
c o n c r e t e  b lock ;  
3 )  The i n t r o d u c t i o n  of d r y w a l l  i n t e r i o r  f i n i s h  was w h o l l y  
accep ted  about  15 y e a r s  ago; and, s i n c e  t h e n ,  h a s  been 
e x c l u s i v e l y  used i n  t h e  low-medium t o  most e x p e n s i v e  
d w e l l i n g s .  P l a s t e r  h a s  r e t a i n e d  i t s  p l a c e  i n  commer- 
c i a l  and i n s t i t u t i o n a l  s t r u c t u r e s ,  and h a s  been modi- 
f i e d  t o  a p u t t y  c o a t  a p p l i e d  d i r e c t l y  t o  p l a s t e r  f o r  
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A c t u a l  Count R e s u l t s  - The fo l lowing  s t a t i s t i c s  a r e  based 
o n l y  on s t r u c t u r e s  w i t h  founda t ions ,  w i t h  t h e  e x c e p t i o n  of t h e  
f i r s t  item, i n  which mobile  houses are i n c l u d e d .  
1 )  S t r u c t u r e s  on Foundat ions 
Mob i 1 e (Tr a i 1 e r  s ) 
96 -2% 
3.8% 
2)  Type of Use - 
R e s i d e n t i a l ,  S i n g l e  Family 88 .8% 
R e s i d e n t i a l ,  Mul t ip l e  i n c l u d i n g  Mote ls  3.7 
Commercial and I n d u s t r i a l  
I n s t i t u t i o n a l  
3 )  Type of C o n s t r u c t i o n  - 
Wood Frame 
(96% S i d i n g ,  4% Stucco) 
Masonry 
(69% Block, 29% Stucco, 2% Brick)  
C u r t a i n  Wall Cons t ruc t  i on  
4 )  Roof F i n i s h  - 
Aspha l t  Sh ing le s  
B u i l  t u p  
Aspha l t  P lank  
T i l e ,  Ceramic o r  Cement 
Metal 
5)  Window Types - 
Double Hung 
Casement 
6 . 3  







2 . 5  
1 . 6  
26.3% 
2 . 5  
/ 
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Awning 
J a l o u s i e s  
Fixed 
6 )  Window Material - 
Wood 
S t e e l  
Aluminum 
7 )  Number o f  Windows (Average) - 
Twelve Windows p e r  S t r u c t u r e .  
8)  Window S i z e  - 
S m a l l  
Med ium 
Large 
9)  Glazing Thickness  - 
118 i n .  
3 / 1 6  i n .  
114 i n .  
10) Glazing Stop M a t e r i a l  
Compound ( P u t t y )  
Window M a t e r i a l  




5 3 . 8  
1 2 . 6  
4 . 8  
24.9% 
4 . 7  
70 .4  
5 .9% 
84 .1  
10.0 
82 .5% 
1 . 3  
1 6 . 2  
27.9% 
7 2 . 1  
16.3% 
6 6 . 4  
17 .3  
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Dry Wall 61.1% 
P l a s t e r  37 .6  
Other  1 .3  
1 4 )  Age of S t r u c t u r e s  - 
Less  t h a n  5 y e a r s  47.9% 
Between 5 and 10 y e a r s  2 1  .o 
10 and 20 yea r s  4.9 
20 and 30 y e a r s  6 . 5  
30 and 40 yea r s  15.9 
Over 40 y e a r s  3 .8  
2 . Conclus ions  
The community having  t h e  h i g h e s t  s u s c e p t i b i l i t y  t o  p o s s i b l e  
r o c k e t  eng ine  n o i s e  damage is  M i m s ,  e s p e c i a l l y  t h a t  slum area 
l o c a t e d  even c l o s e r  t o  t h e  launch s i t e s .  It i s  p o s s i b l e ,  however, 
t h a t  should  damage occur ,  t h e  most v i g o r o u s  compla in t s  would come 
from o u t s i d e  t h i s  neighborhood.  
The downtown s e c t i o n  of T i t u s v i l l e  and t h e  community of  Oak 
H i l l  are t h e  n e x t  most s u s c e p t i b l e  w i t h  t h e  e x c e p t i o n  of  t h e  
i n d i v i d u a l  s t r u c t u r e s  s c a t t e r e d  a l o n g  t h e  major highway and t h e  
r u r a l  farm houses .  The proximity t o  t h e  launch  s i t e s  of t h e  
above two c l a s s i f i c a t i o n s  is  the pr imary cause  f o r  concern ;  how- 
e v e r ,  they  are a lmos t  wholly composed of prewar (Number 2 )  con-  
s t r u c t i o n .  The f i e l d  and l a b o r a t o r y  t e s t s  which a r e  a p a r t  of 
t h i s  s t u d y  may v e r i f y  t h e  c o n t e n t i o n  t h a t  poor ly  ma in ta ined  b u i l d -  
i n g s  w i l l  r e c o r d  damage b e f o r e  new and p r o p e r l y  kep t  p r o p e r t y .  
I11 -8 
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B .  NOISE LEVEL PREDICTION 
This s e c t i o n  c o n t a i n s  t h r e e  p a r t s :  a d i s c u s s i o n  of  r o c k e t  
engine n o i s e  g e n e r a t i o n  and p r o p a g a t i o n  i n  g e n e r a l ;  t h e  e f f e c t s  
of  weather on n o i s e  p ropaga t ion ;  and a s p e c i f i c  d e s c r i p t i o n  of  
Pos t -Sa tu rn  n o i s e  env i ronmen t s .  
The scope o f  t h i s  work, as s p e c i f i e d  by c o n t r a c t ,  w a s  t o  
accumulate e x i s t i n g  i n f o r m a t i o n .  Thus,  t he  work of o t h e r s  i s  
used e x t e n s i v e l y .  Re fe rences  a r e  l i s t e d  i n  Chap. V I .  
1. Rocket Engine Noise P r e d i c t i o n  
Cons ide r ing  the  s imple  c a s e  of  a sound r a d i a t i n g  from a p o i n t  
s o u r c e ,  t h e  sound p r e s s u r e  a t  d i s t a n c e  r can  be shown t o  be:  
2 waPoco P - u  [111-13 
where 
p = sound p r e s s u r e ,  
W = a c o u s t i c  power, a 
= d e n s i t y  of a i r ,  
Co = speed o f  sound i n  a i r .  
This r e l a t i o n s h i p  h a s  been used t o  d e r i v e  a n  e m p i r i c a l  method 
of  de t e rmin ing  r o c k e t  eng ine  f a r  f i e l d  n o i s e  l e v e l s .  Assuming 
t h e  r o c k e t  eng ine  t o  be a p o i n t  n o i s e  s o u r c e ,  E q  [111-11 would 
be v a l i d ,  excep t  t h a t  t h e  d i r e c t i o n a l  c h a r a c t e r i s t i c s  o f  a r o c k e t  
eng ine  and t h e  e f f e c t s  of e x c e s s  a t t e n u a t i o n  must be  c o n s i d e r e d .  
Thus,  
[ I I I - 2  1 
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where 
GI (9) = d i r e c t i v i t y  f a c t o r ,  
G3 ( a )  = e x c e s s  a t t e n u a t i o n ,  
and 
SPL = PWL + D I  - EA - RI 
where 
SPL = sound p r e s s u r e  l e v e l  (db re  0.0002 dynes/cm2), 
PWL = sound power l e v e l  (db re  
D I  = d i r e c t i v i t y  index ( d b ) ,  
watts) ,  
EA = e x c e s s  a t t e n u a t i o n  ( d b ) ,  
R I  = r a d i a t i o n  index (db = 10 l o g  A ) .  
I11 -9 
[ I I I - 3  3 
Each o f  t h e s e  terms must now be e v a l u a t e d  f o r  t h e  type  of l a r g e  
b o o s t e r  eng ines  t o  be used on Pos t -Sa turn  program. 
The a c o u s t i c  ene rgy ,  produced by a r o c k e t  eng ine  h a s  been  
expres sed  i n  terms of  t o t a l  energy produced by t h e  eng ines  (Ref 1) 
as fo l lows :  
( a c o u s t i c )  = 7 KE ( eng ine )  = :.v’ [ I I 1 - 4 ]  
where 
KE = k i n e t i c  ene rgy ,  
7 = a c o u s t i c  e f f i c i e n c y .  
The value of 7 has  been found t o  v a r y  w i t h  t h e  s i z e  of t h e  eng ine .  
VonGierke, e t  a l .  (Ref 2) found t h e  a c o u s t i c  e f f i c i e n c y  t o  va ry ,  o r  
PWL = 78 + 13 .5  l o g  Wengine [ 111-5 3 
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f o r  engines  w i t h  t h r u s t  v a r y i n g  from 1000 t o  130,000 l b .  
r e l a t i o n s h i p  i s  shown as t h e  s t r a i g h t  l i n e  p a r t  of t h e  c u r v e  of  
F i g .  1 1 1 - 2 .  Obviously,  t h i s  l i n e  canno t  ex tend  i n d e f i n i t e l y .  
The curve was extended by Cole (Ref 3 )  beyond t h e  130,000-lb 
r ange .  The o v e r a l l  a c o u s t i c  power l e v e l  as found from T i t a n  (Ref 
4 )  and S a t u r n  (Ref 5 ,  6 ,  and 7) measurements i s  a l s o  shown i n  
F i g .  1 1 1 - 2 .  The cu rve  seems t o  i n d i c a t e  a d e c r e a s e  i n  c o n v e r s i o n  
e f f i c i e n c y  as the  eng ine  power l e v e l  i n c r e a s e s  p a s t  7 x l o9  wa t t s .  
The Saturn d a t a  l i e  below the  c u r v e ,  i n d i c a t i n g  t h a t  t h e  s l o p e  
of the cu rve  may change s o o n e r .  The a p p a r e n t  d e c r e a s e  i n  conver-  
s i o n  e f f i c i e n c y  may be due t o  the  f a c t  t h a t  f i n i t e  ampl i tude  
e f f e c t s  have n o t  been c o n s i d e r e d  i n  computing t h e  a c o u s t i c  power 
l e v e l  from measured sound p r e s s u r e  l e v e l s .  A t  t h e  p r e s e n t  t ime ,  
t h e r e  are  i n s u f f i c i e n t  d a t a  t o  p rov ide  a method o f  computing o r  
a l lowing  f o r  t h e  n o n l i n e a r  damping o f  t h e  h i g h  ampl i tude  sound 
waves from such l a r g e  power s o u r c e s .  Thus, t h e  use  of  F i g .  1 1 1 - 2  
should p rov ide  some ad jus tmen t  f o r  f i n i t e  ampl i tude  l o s s e s  u n t i l  
t hey  may be computed. The f i n i t e  ampl i tude  index w i l l  t h e r e f o r e  
be included w i t h  t h e  power l e v e l  t e rm.  
Th i s  
In many p r e v i o u s  documents, r o c k e t  eng ine  j e t  s t r e a m  power 
h a s  been d e f i n e d  i n  terms of f u l l  r a t e d  t h r u s t .  On many f u t u r e  
v e h i c l e s ,  however, e n g i n e s  t h a t  a r e  overexpanded a t  l i f t o f f  may 
be used. Thus, i t  may be more meaningful  t o  e x p r e s s  t h e  j e t  
stream power i n  terms of  s p e c i f i c  impulse and t h r u s t  a t  l i f t o f f :  
0 . 6 7 6 ~ T . I ~  * g  
10 l o g  PWL = 10 l o g  - = 7 ‘m 
10 -I3 10 -I3 
0.676q [ -I- (‘e-’o) Ae ‘el 
-13 = 10 l o g  
3 n  L U  
where 
W = mechanical  power o f  t h e  j e t  s t r e a m  ( w a t t s ) ,  
m 
T = t h r u s t  ( l b )  , 
I = s p e c i f i c  impulse ( s e c ) ,  
SP 
ve = nozz le  e x i t  v e l o c i t y  ( f t / s e c ) ,  
[ 111-6 I 
[III-7 I
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w = weigh t  flow ( l b / s e c ) ,  
g = g r a v i t a t i o n a l  c o n s t a n t ,  
2 = e x i t  p r e s s u r e ,  a b s o l u t e  ( l b / i n .  ), Pe 
= ambient p r e s s u r e ,  a b s o l u t e  ( I b l i n ,  2 > ,  
= nozz le  e x i t  a r e a  ( i n . 2 ) .  
P O  
A 
e 
A nondimensional power spectrum w a s  a l s o  d e r i v e d  by VonGierke 
and is  shown i n  F i g .  111-3. This spectrum w a s  d e r i v e d  from f a r  
f i e l d  d a t a  a c q u i r e d  from r o c k e t  eng ines  w i t h  t h r u s t s  up t o  130,000 
l b .  
m i d f i e l d  n o i s e  can  be determined u s i n g  T i t a n  and S a t u r n  d a t a .  
The s p r e a d  of  t h e s e  d a t a  i s  a l s o  shown i n  F i g .  111-3. The S a t u r n  
d a t a  appea r  t o  a g r e e  more c l o s e l y  than  T i t a n  d a t a .  I n  g e n e r a l ,  
t h e  use  of  t h e  g e n e r a l i z e d  curve as recommended by Cole,  e t  a l . ,  
shou ld  be a p p l i c a b l e  t o  t h e  f a r - f i e l d  of  l a r g e  b o o s t e r s .  
The a p p l i c a b i l i t y  of  t h i s  spectrum f o r  l a r g e  b o o s t e r  eng ine  
When a l a r g e  number of  engines  are used ,  m u l t i p l e - n o z z l e  
e f f e c t s  may be o b s e r v e d .  One may assume t h a t  two peaks i n  t h e  
sound p r e s s u r e  l e v e l  produced by a m u l t i p l e - n o z z l e  b o o s t e r  may 
b e  measured. One peak would be produced by t h e  combined e f f e c t  
o f  a l l  e n g i n e s ,  and t h e  o t h e r  peak produced by t h e  s i n g l e  e n g i n e s .  
The r e s u l t  would be a lower frequency peak produced by combined 
e n g i n e s  and a h i g h e r  f r equency  peak produced by t h e  s i n g l e  e n g i n e s .  
A n  example of t h i s  e f f e c t  i s  shown i n  F i g .  111-4. The second 
peak i n  t h e  S a t u r n  d a t a  i s  much lower than  would be p r e d i c t e d .  
I n  a d d i t i o n ,  n o t  a l l  t h e  S a t u r n  d a t a  show t h e  h i g h e r  f r equency  
peak. More d a t a  a re  r e q u i r e d  on t h i s  phenomenon b e f o r e  a n  a c -  
c u r a t e  p r e d i c t i o n  of  i t s  e f f e c t s  can  be made. For t h e  purpose 
o f  t h i s  r e p o r t ,  i t  w i l l  be assumed t h a t  o n l y  one peak e x i s t s  
s i n c e  t h e  g e n e r a l i z e d  spec t rum i n c l u d e s  bo th  of  t h e  p r e v i o u s l y  
d e s c r i b e d  peaks.  
The p r e s e n t  concep t s  f o r  the P o s t - S a t u r n  b o o s t e r  eng ine  i n c l u d e  
such  c o n f i g u r a t i o n s  as p lug  e n g i n e s .  Because o f  t h e  d i f f e r e n c e s  
i n  t h e  e x h a u s t  j e t  produced by t h e s e  and c o n v e n t i o n a l  e n g i n e s ,  t h e  
n o i s e  spectrum produced may a l s o  d i f f e r .  A s  a n  example,  t h e  e f f e c -  
t i v e  d i ame te r  of  t h e  p lug  engine may be t h e  j e t  d i ame te r  a t  t h e  
bot tom of  t h e  p l u g  and n o t  a t  the nozz le  e x i t .  Thus,  b o t h  t h e  
f r equency  and ampl i tude  would change. A d e t a i l e d  s t u d y  of t h e s e  
changes i s  beyond t h e  scope o f  t h i s  r e p o r t .  More d a t a  from model 
s t u d i e s  a r e  a n t i c i p a t e d  i n  t h e  near  f u t u r e  and may be compared t o  
t h e  p r e d i c t e d  l e v e l s  when a v a i l a b l e .  The v a l u e s  used i n  t h i s  re- 
p o r t  shou ld  be s l i g h t l y  c o n s e r v a t i v e  and can be  s a f e l y  used.  
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The d i r e c t i v i t y  index i s  d e f i n e d  as t h e  d e v i a t i o n ,  i n  d e c i b e l s ,  
from s p h e r i c a l  r a d i a t i o n .  Rocket e n g i n e s  have produced a h i g h l y  
d i r e c t i v e  n o i s e  f i e l d  as shown i n  F i g .  111-5. An example of t he  
e f f e c t  o f  r a d i a t i o n  p a t t e r n s  and t h e  e f f e c t  of  a moving sound 
source ,  i s  shown from S a t u r n  d a t a  i n  F i g .  111-6. The r a d i a t i o n  
p a t t e r n  and e f f e c t  of  a moving sound source  f o r  mul t imi l l i on -pound  
t h r u s t  c l u s t e r e d  eng ines  w a s  determined by Wilhold;, e t  a l .  (Ref 8 ) .  
The r a d i a t i o n  index was combined w i t h  v e l o c i t y  (dopp le r  f r equency  
s h i f t )  e f f e c t s  t o  de t e rmine  a d i s t r i b u t i o n  f a c t o r .  The power 
l e v e l ,  r a d i a t i o n  index ,  and e x c e s s  a t t e n u a t i o n  terms were computed 
f o r  Sa tu rn  I .  Data from the  SA-2 f l i g h t  were then  examined and 
t h e  d i s t r i b u t i o n  f a c t o r  determined by c o r r e l a t i n g  t h e  measured 
d a t a  wi th  c a l c u l a t e d  l e v e l s .  For conven ience ,  t he  d i r e c t i v i t y  
index used i n  t h i s  document w a s  d e r i v e d  from the  d i s t r i b u t i o n  
f a c t o r  i n  R e f .  8 .  
T h u s ,  t h e  terms of  Eq [111-31 have been e v a l u a t e d  and the  
a c o u s t i c  l e v e l s  produced by a P o s t - S a t u r n  b o o s t e r  can be p r e d i c t e d .  
The sound p r e s s u r e  l e v e l s  f o r  t h e  community a r e a  s u r r o u n d i n g  
MILA were p r e d i c t e d  f o r  P o s t - S a t u r n  e n g i n e s  of  t h e  upper and lower 
t h r u s t  r a t i n g s  shown i n  t h e  f o l l o w i n g  t a b u l a t i o n .  
I tem 
Thrus t  ( T o t a l )  ( l b  x l o 6 >  
Type of Engine 
Number of Engines 
Nozzle Diameter ( f t )  
S p e c i f i c  Impulse ( s e c )  
Nozzle V e l o c i t y  ( f p s )  
T l O R R - 2  
29.8 
L O X / R P - ~  C l u s t e r  
4 
30 
2 7 %  
8950 
The p r e d i c t e d  l e v e l s ,  f o r  a s t a n d a r d  day ,  are shown 
t h r u  111-10. 
TlORR-3 
20.4 
L O X / L H ~  Plug 
18 
9 . 4  
373 
1 2  , 000 
.n F i g .  1 1 1 - 7  
Pos t -Sa tu rn  p r e d i c t i o n s  were made s i n c e  t h e y  r e p r e s e n t  t h e  
w o r s t  c a s e  w i t h i n  p r e s e n t  p l a n n i n g .  S a t u r n  V p r e d i c t e d  l e v e l s  
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F i g .  111-5 Far -F ie ld  D i r e c t i v i t y  of Rocket Engines 
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2 .  Atmospheric E f f e c t s  
The m u l t i l a y e r e d  atmosphere method of  a n a l y z i n g  t h e  sound 
focus ing  problem was used i n  t h i s  s t u d y .  The atmosphere i s  
d iv ided  i n t o  h o r i z o n t a l  l a y e r s  whose boundary c o n d i t i o n s  are d e -  
f i n e d  by m e t e o r o l o g i c a l  d a t a  t aken  a t  d i f f e r e n t  a l t i t u d e s .  
me teo ro log ica l  d a t a  used t o  c a l c u l a t e  t h e  v e l o c i t y  of sound p r o -  
f i l e  i n c l u d e  t empera tu re ,  wind v e l o c i t y ,  and wind d i r e c t i o n .  It 
i s  assumed t h a t  t he  v e l o c i t y  of sound v a r i e s  l i n e a r l y  w i t h  a l t i -  
tude f o r  a g iven  az imuth .  
The 
T h i s  means t h a t  f o r  a g iven  l a y e r  t h e  v e l o c i t y  of  sound i s  
n o t  c o n s t a n t  b u t  changes a t  a c o n s t a n t  r a t e .  
When the  v e l o c i t y - o f  -sound p r o f i l e  h a s  been c a l c u l a t e d ,  t h e  
r a y  path f o r  a g iven  s t a r t i n g  a n g l e  ( e  ) may be de te rmined .  
0 
When the  r a y  i s  p a s s i n g  through a l a y e r ,  one of  t h r e e  t h i n g s  
w i l l  occu r .  If t h e  v e l o c i t y  g r a d i e n t  i s  z e r o ,  t h e  r a y  w i l l  be 
u n d e f l e c t e d ;  i f  t h e  g r a d i e n t  i s  p o s i t i v e  i t  w i l l  be b e n t  back 
towards the  e a r t h ;  and i f  t h e  g r a d i e n t  is  n e g a t i v e ,  t h e  r a y  w i l l  
be d e f l e c t e d  upwards.  A n  atmosphere i n  which a l l  of  t h e  l a y e r s  
have zero o r  n e g a t i v e  g r a d i e n t s  w i l l  neve r  r e s u l t  i n  f o c u s i n g  on 
the  s u r f a c e  of t he  e a r t h .  
Since f o c u s i n g  i s  determined by t h e  v e l o c i t y  p r o f i l e ,  and 
c e r t a i n  types  of  v e l o c i t y - o f  -sound p r o f i l e s  occur  f r e q u e n t l y ,  a 
s e t  of b a s i c  t ypes  h a s  been e s t a b l i s h e d  w i t h  t h e  maximum sound 
p res su re  l e v e l  i n c r e a s e  o b t a i n a b l e  f o r  each  t y p e .  These are 
shown i n  F i g .  111-11. 
An approx ima t ion  of  t h e  p o s s i b l e  sound p r e s s u r e  l e v e l  i n c r e a s e  
due t o  c o n c e n t r a t i o n  of t h e  a c o u s t i c a l  energy may be made by 
c l a s s i f y i n g  t h e  v e l o c i t y  of sound p r o f i l e  i n  one o f  t h e  b a s i c  
c a t e g o r i e s .  The r ange  a t  which t h e  i n t e n s i f i c a t i o n  o c c u r s  i s  
c a l c u l a t e d  by t r a c i n g  r a y  p a t h s  f o r  d i f f e r e n t  s t a r t i n g  a n g l e s  
( e o )  and d e t e r m i n i n g  where they  converge.  
method i s  used t h a t  c a l c u l a t e s  o n l y  t h e  l a n d i n g  p o i n t s  of t h e  
r a y s  with v a r i o u s  s t a r t i n g  a n g l e s .  
I n  t h e  c a l c u l a t i o n  a 
I -  
t Category 
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D e s c r i p t i o n  
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Amp1 i f  i c a t  i o n  
F a c t o r  
0 No V e l o c i t y  Grad ien t  
1 S i n g l e  Negat ive  Grad ien t  
2 S i n g l e  P o s i t i v e  Grad ien t  
3 Zero Grad ien t  Near 
Sur f a c e  w i t h  P o s i t i v e  
Grad ien t  Above 
4 Weak P o s i t i v e  Grad ien t  
Near S u r f a c e  w i t h  S t r o n g  




5 Negat-ve G r a d i e n t  Near 
S u r f a c e  w i t h  S t rong  
P o s i t i v e  Grad ien t  Above 
Fig .  111-11 Acous t i c  V e l o c i t y  P r o f i l e  C a t e g o r i e s  
100 
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The l i m i t a t i o n  i n  the accu racy  of  t h i s  method i s  p r i m a r i l y  a 
f u n c t i o n  of  how w e l l  t h e  e a r t h ' s  atmosphere resembles  the  model 
of the atmosphere as d e p i c t e d  by t h e  m e t e o r o l o g i c a l  d a t a  and ou r  
b a s i c  a s sumpt ions .  
500- f t  i n t e r v a l s  and t h e r e  e x i s t s  a r e g i o n  somewhere between the  
1000- and 1500- f t  boundar i e s  t h a t  c o n t a i n e d  a wind o n l y  5 mph 
h ighe r  t han  t h a t  measured a t  t h e  1 5 0 0 - f t  l e v e l ,  t h e  f o c a l  zone 
would be moved s e v e r a l  m i l e s  c l o s e r  t o  t h e  s o u r c e  (Ref 9 ) .  
Tedrick has  p o s t u l a t e d  t h i s  t o  be t h e  cause  o f  a d i s c r e p a n c y  t h a t  
was noted between c a l c u l a t e d  f o c a l  zones and ho rn  d a t a .  Th i s  
l i m i t a t i o n  may be minimized by t a k i n g  more d a t a  a t  c l o s e r  i n t e r -  
v a l s .  
I f  m e t e o r o l o g i c a l  d a t a  a r e  r eco rded  a t  
Another assumption t h a t  i s  no t  always v a l i d  i n  the  p h y s i c a l  
atmosphere i s  t h a t  t he  wind i s  p a r a l l e l  t o  t h e  e a r t h ' s  s u r f a c e .  
T h i s  i s  u s u a l l y  a s a f e  assumption t o  make b u t ,  when a f r o n t  i s  
p a s s i n g  through the  r e g i o n ,  s t r o n g  up o r  downdraf ts  w i l l  be 
p r e s e n t .  T h i s  l i m i t a t i o n  i s  a b a s i c  weakness of t he  system t h a t  
r e q u i r e s  d a t a  n o t  now a v a i l a b l e .  C u r r e n t l y  no r e g u l a r  d a t a  a r e  
t aken  t h a t  i n c l u d e  t h e  v e r t i c a l  component of  t h e  wind. 
F i n a l l y ,  i t  i s  imposs ib l e  t o  measure t h e  t empera tu re  and wind 
v e l o c i t y  and d i r e c t i o n  w i t h  u n l i m i t e d  p r e c i s i o n .  Th i s  i n t r o d u c e s  
ano the r  u n c e r t a i n t y  t h a t  may cause  t h e  p h y s i c a l  atmosphere t o  be 
i m p e r f e c t l y  r e p r e s e n t e d  by ou r  model used t o  c a l c u l a t e  t he  f o c a l  
zones .  
T y p i c a l  m e t e o r o l o g i c a l  r e a d i n g s  a v a i l a b l e  f o r  M I L A  a r e  t a k e n  
a t  the  s u r f a c e ,  500, 2000, 3500, 5000, 6600, 8300, and 10,000 f t  
above the  s u r f a c e .  
The l a r g e  i n t e r v a l s  between d a t a  r e s t r i c t  t h e  p r e c i s i o n  of 
t h e  p r e d i c t i o n s  , a l t h o u g h  t h i s  method p r o v i d e s  t h e  b e s t  method 
c u r r e n t l y  d e v i s e d  f o r  de t e rmin ing  a c o u s t i c  f o c u s i n g .  
d a t a  from more y e a r s  w i l l  g i v e  a h i g h e r  deg ree  of  r e l i a b i l i t y  t o  
t h e  p r e d i c t i o n s  t h a t  have been made. 
Ana lys i s  of 
B .  THEORY 
The v e l o c i t y  of  sound must be c a l c u l a t e d  a t  each  boundary 
from the m e t e o r o l o g i c a l  d a t a .  A good approx ima t ion  t o  the  v e l o -  
c i t y  of  sound i n  s t i l l  a i r  i s  o b t a i n e d  from t h e  r e l a t i o n  (Ref 1 3 ) :  
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C(TIi = 1052.03 + 1.106 Ti. 
where C(TIi = v e l o c i t y  of sound i n  s t i l l  a i r .  
Wind must be  added v e c t o r i a l l y  t o  t h e  v e l o c i t y  o f  sound i n  
s t i l l  a i r  y i e l d i n g :  
C i = C(T).  1 -I- C(WIND)i 
= 1052.03 + 1.106 T - vi cos  ( ea i ) ,  'i i 
[III-8 I 
[ I I I - 9  I 
where 
= speed of  sound i n  the ith l a y e r ,  'i 
= t empera ture  i n  t h e  ith l a y e r ,  Ti 
= v e l o c i t y  of wind i n  t h e  ith l a y e r ,  vi 
Cp = azimuth f o r  t he  v e l o c i t y  p r o f i l e ,  
= d i r e c t i o n  of  t he  wind i n  t h e  ith l a y e r .  
When t h e  v e l o c i t y  of sound is  known a t  each  boundary l a y e r ,  t h e  
v e l o c i t y  g r a d i e n t  may be found.  It  is  assumed t o  be c o n s t a n t  
and may t h e r e f o r e  be c a l c u l a t e d  d i r e c t l y  from t h e  boundary c o n d i -  
t i o n s  of t he  l a y e r .  
where 
= a l t i t u d e  of t he  i boundary above t h e  s u r f a c e  o f  t h e  
e a r t h  ( f t ) .  'i 
The v e l o c i t y  of sound a t  any a l t i t u d e  then  could  be c a l c u l a t e d  
as : 
[ 111-10 3 
[ I I I -113  
The r a y  p a t h s  a r e  dependent upon t h e  v e l o c i t y  p r o f i l e  and t h e  
s t a r t i n g  a n g l e  ( e o ) .  
by t h e  r e l a t i o n :  
The type of pa th  t h e  r a y  t a k e s  i s  determined 
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s i n  e i =J.-(:) ( c o s  8 0 1 2 .  [ I I I - 1 2  3 
where C i s  t h e  sound p r o p a g a t i o n  v e l o c i t y  on t h e  s u r f a c e .  I f  
t h e  r ad icand  i s  n e g a t i v e  o r  z e r o ,  t h e  r a y  i s  r e f r a c t e d  t o  e a r t h  
i n  the ith l a y e r .  
r a y  t r a v e r s e s  t h e  i l a y e r .  
0 
I f ,  however, t h e  r a d i c a n d  i s  p o s i t i v e ,  t h e  
t h  
The r a y  may be r e f r a c t e d  back t o  e a r t h  o n l y  from a l a y e r  i n  
which t h e  v e l o c i t y  g r a d i e n t  (u i )  i s  p o s i t i v e .  
g r a d i e n t  i s  n e g a t i v e  o r  z e r o ,  t h e  r a y  w i l l  be b e n t  upwards i f  
i t  i s  n e g a t i v e  and w i l l  be u n d e f l e c t e d  i f  i t  i s  z e r o .  
I f  t h e  v e l o c i t y  
I f  t h e  r a y  i s  n o t  b e n t  back i n  t h e  ith l a y e r ,  we a r e  i n t e r e s t e d  
i n  c a l c u l a t i n g  t h e  h o r i z o n t a l  d i s t a n c e  i t  t r a v e l s  i n  t r a v e r s i n g  
t h a t  l a y e r .  
E i t h e r  
I f  ci = C i - 1 ¶  t hen  8 = 8 and i i-1 
xi = ( Y i  [ 111-13 I 
and X = h o r i z o n t a l  d i s t a n c e  t r a v e l e d  by t h i s  r a y  i n  t h e  ith l a y e r .  i 
I f  , however , 
[ 111-141 
I f  the r a y  r eaches  a maximum v a l u e  i n  t h e  kth l a y e r  and i s  
t u r n e d  back i t  w i l l  r e t u r n  t o  e a r t h  symmetr ical  abou t  t h i s  v e r t e x .  
T h e r e f o r e ,  the l and ing  p o i n t  of  t h e  r a y  which h a s  a g i v e n  s t a r t i n g  
a n g l e  8 w i l l  be g iven  by the  r e l a t i o n s :  
0 
where the X i ‘ s  a r e  h o r i z o n t a l  d i s t a n c e s  i n  p a s s i n g  through t h e  
r e s p e c t i v e  l a y e r s  and a r e  c a l c u l a t e d  by t h e  a p p r o p r i a t e  r e l a t i o n  
g iven  above i n  [ I I I - 1 3 1  o r  [ I I I - 1 4 ] .  
1111-15 1 
I . 
I '  
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By then  choos ing  a new s t a r t i n g  ang le  and r e p e a t i n g  t h e  p r o c e s s ,  
a s e r i e s  of  r a y s  w i l l  be t r a c e d  and t h e  l a n d i n g  p o i n t  de t e rmined .  
By examining t h e  l a n d i n g  p o i n t s  and t h e  v e l o c i t y  p r o f i l e ,  i t  i s  
p o s s i b l e  t o  de te rmine  i f  i n t e n s i f i c a t i o n  of  a c o u s t i c a l  energy  
h a s  occur red  and a t  what r a n g e .  
Ass ign ing  a v a l u e  t o  t h e  sound p r e s s u r e  l e v e l  as a f u n c t i o n  
of  d i s t a n c e  from t h e  sou rce  under c o n d i t i o n s  o f  f o c u s i n g  i s  some- 
what more d i f f i c u l t ,  and a t  p r e s e n t  i s  more i n  t h e  form of a n  a r t  
than  a n  e x a c t  s c i e n c e .  Th i s  i s  done by p l a c i n g  t h e  v e l o c i t y  of 
sound p r o f i l e  i n  one of  t h e  b a s i c  c a t e g o r i e s  and examining t h e  
d e n s i t y  of  r a y s  a t  t h i s  p o i n t  t o  de te rmine  t h e  approximate sound 
p r e s s u r e  l e v e l .  
The methods d e s c r i b e d  above were used t o  a n a l y z e  me teo ro log i -  
c a l  d a t a  from M I L A .  The d a t a  t h a t  were ana lyzed  inc lude  a l l  r a w -  
insonde d a t a  we have f o r  November 1956 t o  November 1958. 
Both t h e  v e l o c i t y  of sound p r o f i l e s  and t h e  l a n d i n g  p o i n t s  
of  a l l  r a y s  r e f r a c t e d  back t o  e a r t h  were c a l c u l a t e d  f o r  each  s e t  
o f  d a t a .  The pe rcen tage  of time t h a t  f o c u s i n g  of  Types 0 t h r u  
5 occur red  i s  shown i n  F i g .  111-12 t h r u  111-16. The maximum pe r -  
c e n t a g e  o f  t i m e  t h a t  focus ing  could produce a maximum 15-db i n -  
c r e a s e  over  t h e  p r e d i c t e d  l e v e l  of 118 db is-  shown i n  F ig .  111-17. 
The r e s u l t s  o f  t h i s  p a r t  of t h e  s t u d y  a r e  q u i t e  c o n s e r v a t i v e .  
The sound p r e s s u r e  l e v e l s  shown i n  F i g .  111-12 t h r u  111-16 are 
t h e  maximum t h a t  would occur  fo r  t h a t  f o c u s i n g  c o n d i t i o n .  The 
pe rcen tage  of  t i m e  when a maximum l e v e l  of  133 db would o c c u r ,  
as shown i n  F i g .  1 1 1 - 1 7 ,  a r e  r e p r e s e n t a t i v e  o f  t h e  g e n e r a l  f o c u s -  
i n g  cons ide red  . 
Acous t i c  f o c u s i n g  s t u d i e s  conducted by NASA a t  t h e  M i s s i s s i p p i  
T e s t  F a c i l i t y  r e v e a l e d  t h e  15-db f o c u s i n g  c o n d i t i o n  t o  be exces -  
s i v e  and 5 db t o  be the  genera l  c a s e .  It must be po in ted  o u t ,  
however,  t h a t  f o c u s i n g  c o n d i t i o n s  have occur red  i n  t h e  p a s t  which 
could  produce h i g h e r  sound p res su re  l e v e l s  t h a n  133 db .  I n  o r d e r  
t o  e v a l u a t e  t h e s e  c o n d i t i o n s ,  a more d e t a i l e d  s t u d y  than  w a s  pos- 
s i b l e  under t h i s  c o n t r a c t  should be conducted .  For  t h e  purpose 
of  t h i s  s t u d y ,  a maximum sound p r e s s u r e  l e v e l  of  135 db w i l l  be 
c o n s i d e r e d .  
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Data from S a t u r n  f l i g h t s  SA-1 t h r u  SA-6 were examined t o  d e t e r -  
mine t h e  e f f e c t  of  focus ing .  These d a t a  were measured by T e s t  
D i v i s i o n ,  MSFC, and LVO, JFKSC, and a r e  shown i n  Fig.  111-18. 
Angular p o s i t i o n  was n o t  c o n s i d e r e d  s i n c e  t h e  n o i s e  f i e l d  shou ld  
be axisymmetric when t h e  v e h i c l e  i s  i n  f l i g h t .  I t  i s  obvious t h a t  
t h e  sp read  o f  d a t a  i n c r e a s e s  w i t h  i n c r e a s i n g  d i s t a n c e .  Th i s  ap- 
p e a r s  t o  be r e a s o n a b l e  s i n c e  t h o s e  f a c t o r s  t h a t  a f f e c t  n o i s e  prop-  
a g a t i o n ,  i . e . ,  t empera tu re ,  humid i ty ,  wind, t u r b u l e n c e ,  ground 
a b s o r p t i o n ,  e t c ,  have more t i m e  t o  o p e r a t e  on t h e  n o i s e .  Some o f  
t h e  spread may a l s o  be caused  by d i f f e r e n c e s  i n  eng ine  performance 
and e r r o r s  i n  measurement. Thus,  t h e  s p r e a d  o f  d a t a  shou ld  i n c l u d e  
a l l  of t h e  o u t s i d e  f a c t o r s  t h a t  a f f e c t  wave p ropaga t ion  w i t h o u t  
i d e n t i f y i n g  them i n d i v i d u a l l y .  The mean v a l u e  o f  t h e  d a t a  was de -  
termined a t  d i s t a n c e s  where e i g h t  o r  more measured d a t a  p o i n t s  a r e  
a v a i l a b l e .  The mean v a l u e s  a g r e e  c l o s e l y  w i t h  c a l c u l a t e d  v a l u e s  
f o r  S a t u r n  I. 
The mean l i n e  of  Fig.  111-18 i s  drawn as a b e s t - f i t  c u r v e  t o  
t h e  c a l c u l a t e d  mean sound p r e s s u r e  l e v e l s  a t  5 ,000 ,  15,000,  30,000,  
50,000,  and 75,000 f t .  A t  each o f  t h e s e  d i s t a n c e s ,  t h e  mean and 
t h e  s t a n d a r d  d e v i a t i o n  (sn)  o f  t h e  sound p r e s s u r e  l e v e l s  was c a l -  
c u l a t e d .  Then, u s i n g  t a b l e s  t h a t  g i v e  t h e  f r a c t i o n  o f  t h e  i n f i -  
n i t e  p o p u l a t i o n  t h a t  l i e s  below t h e  mean ( t h e s e  a r e  one - s ided  
t a b l e s )  by a g iven  number of  s t a n d a r d  d e v i a t i o n s  as  a f u n c t i o n  o f  
sample s i z e ,  t h e  95% l i n e  of F i g .  111-19 was c a l c u l a t e d .  T h i s  
l i n e  says t h a t  f o r  a d i s t a n c e  of  18 ,000  f t  from t h e  pad, 95% o f  
t h e  sound p r e s s u r e  l e v e l  d a t a  w i l l  be e q u a l  t o  o r  l e s s  t h a n  120 
db. I n  o t h e r  words,  c o n s i d e r i n g  a l l  of t h e  f a c t o r s  t h a t  c o n t r i b -  
u t e  t o  t h e  measured sound p r e s s u r e  l e v e l  a t  18 ,000  f t ,  f u l l y  95% 
o f  t h e  f i r i n g s  w i l l  produce sound p r e s s u r e  l e v e l s  below 120 db. 
The mean l i n e  g i v e s  a s e p a r a t i o n  d i s t a n c e  f o r  120 db o f  o n l y  9000 
f t ,  bu t  t h e  d a t a  show t h a t  t h e  sound p r e s s u r e  l e v e l  can be  ex- 
pec ted  t o  exceed 1 2 0  db on 50% of  t h e  f i r i n g s .  I t  i s  obv ious  
from Fig. 111-19 t h a t  t h e  s t a n d a r d  d e v i a t i o n ,  which i s  a measure 
o f  t h e  "spread" of  t h e  d a t a ,  i n c r e a s e s  w i t h  i n c r e a s i n g  d i s t a n c e .  
For a s e p a r a t i o n  d i s t a n c e  o f  10 m i  ( d i s t a n c e  from P o s t - S a t u r n  
launch t o  T i t u s v i l l e ) ,  w e  f i n d  t h e r e  i s  a s p r e a d  o f  1 2  db between 
t h e  50% l i n e  and 99% l i n e .  Assuming t h e  l a u n c h  c o n d i t i o n s  t o  be 
t h e  same f o r  Pos t -Sa tu rn  a s  f o r  S a t u r n  I ,  t h e r e  i s  a 99% c o n f i -  
dence t h a t  t h e  sound p r e s s u r e  l e v e l  would n o t  exceed 130 db (118 
db p r e d i c t e d  p l u s  a 12-db s p r e a d ) .  Thus, t h e  c o n c l u s i o n  o f  no 
more than 15 db f o c u s i n g  a s  a c r i t e r i o n  seems t o  be a s a f e  a s -  
sump t i on. 
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C .  DYNAMIC RESPONSE OF WINDOWS 
111-37 
The problem of  dynamic response of  g l a s s  windows t o  n o i s e  
p r e s s u r e  i s  ex t r eme ly  complex. There e x i s t  a number o f  u n c e r t a i n  
f a c t o r s  t h a t  may h i g h l y  a f f e c t  the r e s u l t  o f  a n a l y s i s ,  such as  
edge c o n d i t i o n s ,  damping f a c t o r s ,  i m p e r f e c t i o n s  and i r r e g u l a r i t y  
o f  materials,  and s t ress  c o n c e n t r a t i o n s .  Moreover, t h e  problem 
i s  f u r t h e r  compl i ca t ed  by t h e  n o n l i n e a r  r e sponse  t o  s i n u s o i d a l  as 
w e l l  as random e x c i t a t i o n s .  It i s  t h e r e f o r e  n e c e s s a r y  t o  s i m p l i f y  
t h e  b a s i c  assumptions and methods o f  a n a l y s i s  and u s e  e x p e r i m e n t a l  
d a t a  t o  e v a l u a t e  c e r t a i n  p h y s i c a l  behav io r  of  g l a s s  p a n e l s .  
1. B a s i c  Assumptions 
The p a n e l  i s  assumed t o  be a s ing le -degree -o f - f r eedom system 
v i b r a t i n g  a t  a frequency e q u a l  t o  a model f requency of  t h e  p l a t e .  
T o t a l  r e sponse  of t he  panel  can then  be o b t a i n e d  by s u p e r p o s i t i o n  
of  r e s p o n s e s  t o  each v i b r a t i n g  mode, commonly known as t h e  method 
of  model s u p e r p o s i t i o n .  
Glass i s  assumed t o  be l i n e a r l y  e l a s t i c ,  homogeneous, and 
i s o t r o p i c .  D e f l e c t i o n s  and d i sp lacemen t s  of  p l a t e  s u r f a c e  are 
t a k e n  as v e r y  small i n  comparison w i t h  p l a t e  t h i c k n e s s .  With 
t h e s e  a s sumpt ions ,  t h e  o r d i n a r y  l i n e a r  t heo ry  of e l a s t i c  p i a t e s  
c a n  be a p p l i c a b l e  t o  the  a n a l y s i s .  
E f f e c t s  due t o  imper fec t ion  and i r r e g u l a r i t y  of  material and 
nonuniform b e a r i n g  a t  edges a r e  t o  be n e g l e c t e d  i n  the  c o u r s e  of  
a n a l y s i s .  However, n o t e  t h a t  t hese  u n c e r t a i n t i e s  may cause  d i s -  
c r e p a n c i e s  between a n a l y t i c a l  and e x p e r i m e n t a l  r e s u l t s .  
2 .  Method of  A n a l v s i s  
a .  Dynamic Response of P l a t e s  
The b a s i c  e q u a t i o n  of  motion f o r  a n  e l a s t i c  system is :  
.. 
mx -t c x  + D(x) = F(K,  6 ,  q )  [ 111-16 I 
where 
m = mass, 
c = damping c o n s t a n t ,  
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D = l i n e a r  d i f f e r e n t i a l  o p e r a t o r  of  problem = 
K t< + $) f o r  p l a t e s ,  
a 5 a7 
t = t ime,  5 ,  7 = c o o r d i n a t e s  of  t h e  p l a t e ,  
k = f l e x u r a l  c o n s t a n t s  o f  e l a s t i c  p l a t e .  
I n  the c a s e  where t h e  p l a t e  i s  assumed t o  v i b r a t e  i n  a 
s imi la r  manner as a s i n g l e  deg ree  of  freedom, t h e  equa-  
t i o n  o f  motion can  be s i m p l i f i e d  as 
.. 
mx + cx + kx = F ( t ) .  
Two t ypes  of a c o u s t i c  l o a d s  a r e  c o n s i d e r e d  i n  a n a l y z i n g  
t h e  dynamic r e sponse  of  a g l a s s  pane l ,  t h e  harmonic v a r i a -  
t i o n  of sound p r e s s u r e  and random l o a d i n g .  
Harmonic V a r i a t i o n  - The f o r c i n g  f u n c t i o n  of  a c o u s t i c  
e x c i t a t i o n  i s  harmonic,  h a v i n g  a s i n u s o i d a l  r e l a t i o n s h i p  
w i t h  t ime .  The d i f f e r e n t i a l  e q u a t i o n  of motion f o r  a 
s i n g l e  -degree -of -freedom s y s  tem can t h e n  be e x p r e s s e d  as : 
.. 
mx + cx + kx = F s i n  u t .  
0 
where 
w = c i r c u l a r  f requency of f o r c i n g  f u n c t i o n ,  
F = ampl i tude  of p u l s a t i n g  f o r c e .  
0 
The s o l u t i o n  of t h i s  d i f f e r e n t i a l  e q u a t i o n  i s :  
[ 1 1 1 - 1 7  I 
where 
F 
0 x =  Y 
- mu2>2 + 
and 
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C W  Cp = arctan- 2 -  k -mu 
These e q u a t i o n s  can  a l s o  be w r i t t e n  a s  
where 
Xo = FJk = s t a t i c  d e f l e c t i o n ,  
w e= n a t u r a l  f requency  of undamped sys tem,  
n 
6 = c/cc = damping f a c t o r .  
The r a t i o  X - 
X 
i s  c a l l e d  t h e  m a g n i f i c a t i o n  f a c t o r .  
0 
Random E x c i t a t i o n  - 
L e t  
a 
X 
= m a g n i f i c a t i o n  f a c t o r  - a t  ua/hn, 
0 
pa X 
a/% e = r m s  e x c i t a t i o n  a t  w a 
r = r m s  r e s p o n s e .  a 
The r e sponse  t o  any given s i n g l e  e x c i t a t i o n  i s  r e sponse  




a p a *  r = e  a 
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For two s e p a r a t e  e x c i t a t i o n s ,  t he  r m s  r e sponse  would be 
2 2 
a+b + (eb ’b) r 
and f o r  s e v e r a l  d i s c r e t e  f requency e x c i t a t i o n s ,  t h e  rms 
re sponse  is:  
For a con t inuous  spectrum of  e x c i t a t i o n s  
r m s  g # T  
b .  N a t u r a l  F r e q u e n c i e s  o f  P l a t e s  
i n  which 
1 
4 a  - 4 + $ [ vHx Hy + (1-v) Jx 
Y 
2 = G 4 + G  
A X b4 b 
where 
[ I I I - 2 0  1 
[ I I I - 2 1 1  
1111-22 3 
I n  t h i s  e q u a t i o n ,  e i s  now a d e n s i t y  f u n c t i o n ,  t h e  u n i t s  
of which must be 
(d 
C a l c u l a t i o n  of  n a t u r a l  f r e q u e n c i e s  of r e c t a n g u l a r  p l a t e s  
i s  based on the  paper w r i t t e n  by G .  B .  Warburton (Ref 
1 0 ) .  The f r e e  t r a n s v e r s e  v i b r a t i o n s  o f  r e c t a n g u l a r  p l a t e s  
were c o n s i d e r e d  i n  Warbur ton ‘ s  paper  w i t h  a l l  p o s s i b l e  
boundary c o n d i t i o n s  o b t a i n e d  by combining f r e e  , simply 
s u p p o r t e d ,  and f i x e d  edges .  The Ray le igh  method, assuming 
waveforms similar t o  those  of  beams, i s  used t o  d e r i v e  
a n  approximate frequency e x p r e s s i o n  f o r  a l l  modes o f  
v i b r a t i o n  . 
[ 111-23 1 
a ,  b = l e n g t h  of  s i d e s  o f  r e c t a n g u l a r  p l a t e ,  
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f = f requency ,  
g = a c c e l e r a t i o n  due t o  g r a v i t y ,  
h = t h i c k n e s s  of  p l a t e ,  
E = modulus of  e l a s t i c i t y ,  
v = p o i s s o n ’ s  r a t i o ,  
P = weight  per  u n i t  volume, 
J = f u n c t i o n s  of m (number of  nodal  l i n e s  i n  x d i r e c -  
t i o n )  and boundary c o n d i t i o n s  , Gx’ Hx’ x 
G J = f u n c t i o n s  of n (number of  nodal  l i n e s  i n  y d i r e c -  ” H y y  t i o n )  and boundary c o n d i t i o n s .  
Expres s ions  f o r  G x ,  Hx’ Jx’ G y ,  Hy, and J 
Warburton’s  paper  f o r  15  v a r i o u s  c a s e s  of  boundary cond i -  
t i o n s  which invo lve  d i f f e r e n t  combina t ions  of f r e e ,  s imp ly -  
suppor ted  , and f i x e d  e d g e s .  
are g iven  i n  
Y 
c .  S t r e s s e s  i n  P l a t e s  
The d e f l e c t i o n  s u r f a c e  of a r e c t a n g u l a r  p l a t e  s u b j e c t  
t o  a s t a t i c  uniform p res su re  can  be  used as an  approximate 
c o n f i g u r a t i o n  of t he  lowest  n a t u r a l  mode of  f r e e  v i b r a t i o n .  
The maximum d e f l e c t i o n ,  u s u a l l y  a t  o r  n e a r  t h e  c e n t e r  
of t h e  p l a t e ,  depending on  boundary c o n d i t i o n s ,  i s :  
4 
W = A  9% 
max 1 D 
where 
q = uniform load  i n t e n s i t y  on p l a t e ,  
a = l e n g t h  o f  edge of  p l a t e ,  
3 
Eh 
1 2 ( 1 - v )  ’ D =  
[ I I I - 2 4 1  
h = a numer ica l  c o e f f i c i e n t  v a r y i n g  w i t h  t h e  l eng th  
r a t i o  of  t h e  s i d e s .  
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The maximum bending moment i n  p l a t e  due t o  uniform p r e s -  
s u r e  l o a d i n g  can  a l s o  be expres sed  i n  t h e  form of  
2 M = A2 qa max 
from which t h e  d e f l e c t i o n  bending moment r e l a t i o n s h i p  i s  
w r i t t e n  as 
2 
. M  . A1 a 
A2 
= -  - 
‘ D  max W max 
The maximum f l e x u r a l  s t r e s s  i n  p l a t e  i s  
= 6Mmax ‘max -
h 2  
[111-25 1 
[111-261 
[ 111-27 ] 
[ 111-28  3 
For  s t e a d y - s t a t e  v i b r a t i o n  w i t h o u t  damping of  a s i n g l e -  
degree-of-freedom system, t h e  a c c e l e r a t i o n  can  be e x p r e s -  
sed i n  terms of  d i sp l acemen t  as :  
2 2 2  .. x = -w x = -411 f x’ [ 111-29 I 
where 
w = c i r c u l a r  f r equency  ( r a d / s e c ) ,  
f = f requency ( c p s ) .  
I f  o n l y  the lowes t  mode of v i b r a t i o n  i s  c o n s i d e r e d  and t h e  
p l a t e  is  t aken  as a s i n g l e - d e g r e e - o f  -freedom system, then  
x = w  
max max 
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and 
2 2 'Il 
= -4n f - - I- .. 2 2 a h  X niax 6 D  * h2 max' 
111-43 
[ I I I - 3 0 ]  
The f o l l o w i n g  p h y s i c a l  c o n s t a n t s  o f  window g l a s s  a r e  used 
f o r  purpose of a n a l y s i s  (Ref 11): 
E = 10,000,000 p s i ,  
v = 0.23 ,  
(T = 5000 p s i ,  
u l  t i m a  t e 
3 
p = 0.0913 l b l i n .  . 
The l i m i t  of  a c c e l e r a t i o n  f o r  g l a s s  breakage is  t h e r e f o r e :  
.. - 2 2  1 v2) 2 
E X - 8rt f ault max [ 111-31 J 
2 
h 
The terms A and a a r e  f u n c t i o n s  o f  p l a t e  geometry.  For  1 -
A2 
a g iven  s i z e  of  window g l a s s ,  the  l i m i t  of r e sponse  a c c e l e r -  
a t i o n  v a r i e s  d i r e c t l y  wi th  t h e  squa re  of  i t s  f r equency .  A 
curve  showing r e l a t i o n s h i p  between l i m i t i n g  v a l u e  o f  peak 
a c c e l e r a t i o n  and frequency can be p l o t t e d  f o r  a window g l a s s  
of known s i z e  and boundary c o n d i t i o n .  Comparing t h i s  curve  
w i t h  t h e  a c c e l e r a t i o n  f requency  spectrum o b t a i n e d  by f i e l d  
a c o u s t i c  t e s t s  w i t h  a s s igned  sound-pressure  l e v e l ,  one can  
t e l l  t h e  p o s s i b i l i t y  of g l a s s  breakage  f o r  t h a t  a c o u s t i c  
e nv ir  onme n t . 
Converse ly ,  s t ress  i n  p l a t e  can  be c a l c u l a t e d  from acceler-  
ometer r e a d i n g s  of t e s t s ,  u s i n g  t h e  same s t r e s s  a c c e l e r a -  
t i o n  as b e f o r e  and assuming t h a t  t h e  lowes t  mode of  v i b r a -  
t i o n  is  dominant .  Thus, t h e  s t r e s s  becomes: 
( T = -  1 E .( ?) .(-j). p s i .  
8n2f2  ' 6 1 - v 2 >  
[ 111-32 I 
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The s t r e s s  i n  a p l a t e  can be c a l c u l a t e d  from t h e  f o l l o w i n g  
s t r e s s  e q u a t i o n  (Ref 1 2 ) ;  u s i n g  measured s t r a i n  d a t a  
[111-331 
where t h e  s u b s c r i p t s  1 and 2 refer  t o  p r i n c i p a l  s t ress  
d i r e c t i o n s .  A t  t h e  c e n t e r  of t h e  window, o n l y  one d i r e c -  
t i o n  must be measured because  of t h e  symmetry of t h e  s t r e s s  
f i e l d .  
d .  R e l a t i o n s h i p  between Random and S inuso ida l  E x c i t a t i o n  
The ims r e sponse  of a s i m p l e  s t r u c t u r e  t o  a narrow-band 
random e x c i t a t i o n  of a known r m s  l eve l  i s  equiva l .en t  t o  
t h e  r e sponse  produced by s i n u s o i d a l  e x c i t a t i o n  of t h e  same 
r m s  l e v e l .  I f  i t  i s  assumed t h a t  t h e  peak-to-rms v a l u e  
of t h e  s t r e s s  t i m e  h i s t o r y  i s  3, t h e  use  of a s i n u s o i d a l  
e x c i t a t i o n  t h a t  h a s  a peak ampl i tude  equa l  t o  t h r e e  t imes 
t h e  r m s  v a l u e  of t h e  random e x c i t a t i o n  s h o u l d  cause  no 
f a i l u r e s  t h a t  would no t  be caused  by  t h e  random e x c i t a t i o n  
P r  (Ref 13). Thus, a narrow-band a c o u s t i c  e x c i t a t i o n ,  
( p  w i l l  be assumed t o  be an rms v a l u e  u n l e s s  o t h e r w i s e  
n o t e d ) ,  may be s i m u l a t e d  by a s i n u s o i d a l  e x c i t a t i o n ,  
as f o l l o w s :  
PS * 
[ I I I - 3 4  1 
The d e f i n i t i o n  of what l i m i t s  may be p l a c e d  on t h e  band- 
wid th  of a narrow-band random e x c i t a t i o n  ( a s  w e l l  as a 
narrow-band random response)  i s  d i f f i c u l t  . Thus, one m a y  
wish  t o  e x p l o r e  t h e  f e a s i b i l i t y  of s i m u l a t i n g  a broad-  
band e x c i t a t i o n  by t h e  u s e  of s i n u s o i d a l  e x c i t a t i o n .  
Miles ( R e f  14)  h a s  e s t i m a t e d  t h e  s t r e s s  r e sponse  of a 
l i n e a r  s ing le -degree -o f - f r eedom sys tem w i t h  low damping 
(S << 1) t o  random loads  as f o l l o w s :  
[111-35 
where 
= s t r e s s  produced by a s t a t i c  l o a d  F , 
0 
w f = p o w ~ r  s p e c t r a l  d e n s i t y  a t  t h e  dominant mode of 
o s c i l l a t i o n ,  0 
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Fn, 
Assuming a u n i t  l o a d i n g ,  - 
(Y r = (2) s o *  [ I I I - 3 6 1  
I f  w f i s  t h e  power s p e c t r a l  d e n s i t y  of t h e  a c o u s t i c  pres- 
0 
1111-371 
The s t r e s s  r e sponse  of a single-degree-of-freedom system, 
a t  i t s  n a t u r a l  f r equency  i s :  
0 S = p,QS0. [ I I I - 3 8 ]  
Thus, by l i m i t i n g  t h e  peak v a l u e  of t h e  e x c i t a t i o n  and 
r e sponse  t o  3 t imes  t h e  r m s  v a l u e  and r e q u i r i n g  t h a t  t h e  
peak r e sponse  be e q u i v a l e n t  f o r  both s i n u s o i d a l  and random 
e x c i t a t i o n ,  t h e  e q u i v a l e n t  s t r e s s  f o r  s i n u s o i d a l  and random 
e x c i t a t i o n  can be e s t i m a t e d :  
[ I I I - 3 9 1  
e .  Sources  of E r r o r  
Discrepancy between c a l c u l a t e d  s t r e s s  and a c t u a l  s t r e s s  
i s  sometimes i n e v i t a b l e .  Sources  of e r r o r  can be sum- 
marized as f o l l o w s :  
1) The a c t u a l  edge c o n d i t i o n  i s  d i f f e r e n t  from t h e  i d e a l -  
i z e d  c o n d i t i o n ,  which i s  made conven ien t  for mathemati-  
c a l  s o l u t i o n .  The degree  of f i x i t y  a t  t h e  s u p p o r t i n g  
edge i s  always u n c e r t a i n  and, t h e r e f o r e ,  s t a t i s t i c a l  
d a t a  shou ld  be r e l i e d  on.  The edge of frame i s  gene r -  
a l l y  assumed t o  be r i g i d  b u t ,  i n  c a s e  of h i g h  l o a d i n g ,  
t h e  edge may d e f l e c t  s l i g h t l y ;  
2) The damping c h a r a c t e r i s t i c  of window g l a s s e s  i s  n o t  
comple t e ly  known. The e f f e c t  of c a u l k i n g ,  ag ing ,  and 
method of f raming a r e  a l l  impor t an t  f a c t o r s  of v a r i a -  
t i o n s  i n  damping; 
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3 )  Nonl inea r  c h a r a c t e r i s t i c s  i n  window g l a s s  v i b r a t i o n  
are  s i g n i f i c a n t ,  p a r t i c u l a r l y  under  h i g h  p r e s s u r e ,  
l a r g e  d e f l e c t i o n ,  and low f r equency .  A l l  t h e s e  c r i t i -  
c a l  c o n d i t i o n s  occur  n e a r  t h e  p o i n t  of breakage;  
4 )  The u l t i m a t e  s t r e n g t h  of window g l a s s  h a s  a wide range  
of v a r i e t y  f o r  d i f f e r e n t  b a t c h e s  and a g e s .  However, 
g l a s s  breakage  due t o  h i g h  sound-p res su re  l e v e l s  can 
be p r e d i c t e d  from e x t e n s i v e  t e s t  r e s u l t s .  
D .  ANALYSIS OF DATA 
A s  p r e v i o u s l y  mentioned,  t h e  pr imary  o b j e c t i v e  oE t h i s  s t u d y  
w a s  t o  de t e rmine  t h e  r o c k e t  eng ine  n o i s e  damage c r i t e r i o n  t o  com- 
muni ty  d w e l l i n g s .  Such a c r i t e r i o n  had been proposed by Reiger ,  
Mays, and Edge (Ref 15) and by NASA-MSFC (Ref 1 6 ) .  These  c r i t e r i a  
a r e  shown i n  F i g .  111-20. The pr imary  d i f f e r e n c e  between t h e s e  
two c r i t e r i a  i s  t h a t  Re ige r ,  Mays, and Edge inc luded  t h e  e f f e c t  
of resonance on t h e  f r a g i l i t y ,  w h i l e  NASA-MSFC d i d  n o t .  F u r t h e r  
window d a t a  o b t a i n e d  by Freynilc (Ref 12) of NASA-Langley t ended  
t o  s u b s t a n t i a t e  t h e  Re ige r ,  Mays, and Edge c r i t e r i o n .  
Thc NASA-Langley d a t a  were o b t a i n e d  under  c l o s e l y  c o n t r o l l e d  
c o n d i t i o n s .  The window u n i t s  were s e c u r e l y  f a s t e n e d  t o  t h e  r i g i d  
mouth of t h e  t e s t  e n c l o s u r e .  Thus, t h e  window v i b r a t e d  as a p l a t e  
w i t h  f i x e d  and r i g i d  s u p p o r t  c o n d i t i o n s .  A r e p r o d u c t i o n  of t h e s e  
d a t a  i s  shown i n  F i g .  111-21. To comple te  a c r i t e r i o n  f o r  com- 
m u n i t i e s ,  however, one must i n c l u d e  t h e  f i e l d  e f f e c t s ,  such  as 
edge c o n d i t i o n s ,  age,  e t c .  The d a t a  o b t a i n e d  i n  t h e s e  t e s t s  were 
a c q u i r e d  t o  e v a l u a t e  such  f i e l d  c o n d i t i o n s .  
Data were a c q u i r e d  i n  F l o r i d a  and Denver. It was n e c e s s a r y  
t o  use  a s i n u s o i d a l  s i r e n  f o r  f i e l d  t e s t s  because  of power l i m i t a -  
t i o n s ,  Random a c o u s t i c  t e s t s  were i n c l u d e d  t o  c o r r e l a t e  random 
and s i n u s o i d a l  r e sponse .  It w a s  a l s o  found t h a t  s t r a i n  gage 
rneasuremcnts ove r  a broad f r equency  r ange  were i m p r a c t i c a l  because  
of t h e  low-vol tage o u t p u t ,  and a c c e l e r a t i o n  mcasurernents were ,  
t h e r e f o r e ,  s u b s t i t u t e d .  A s u f f i c i e n t  number of  s t r a i n  measurements 
t o  e s t a b l i s h  t h c  s t r e s s - a c c e l e r a t i o n  r e l a t i o n s h i p  was a l s o  r e q u i r e d .  
Over 3500 d a t a  p o i n t s  were t aken ,  some of which were unusab le .  
A n a l y s i s  o€ t h e s e  d a t a  i n c l u d e d  s c a t t e r ,  accu racy ,  r e p e a t a b i l i t y ,  
l i n e a r i t y ,  and f a i l u r e  prc,dic t i o n ,  
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Legend : 
- --O Experiment (no damage) 
0 F a i l u r e  P o i n t s  
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Sound p r e s s u r e  Level  [db 
( o n e - t h i r d  o c t a v e  band 
c e n t e r e d  a t  35 c p s ) ]  
F ig .  1 1 1 - 2 1  T o t a l  Peak Outer -Fiber  T e n s i l e  
S t r e s s  a t  t h e  Center of Window 
Due t o  Random Noise  I n p u t  
From Ref. 18 
I 
I, 
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The s c a t t e r  of d a t a  a c q u i r e d  from t h e  c e n t e r  a c c e l e r o m e t e r s  
on each window, f o r  both random and s i n u s o i d a l  e x c i t a t i o n ,  i s  
shown i n  F i g .  11-11 and 11-18 of Chap. 11. The s p r e a d  of  d a t a  
show good r e p e a t a b i l i t y ,  c o n s i d e r i n g  t h e  v a r i e t y  of windows t e s t e d ,  
Of p a r t i c u l a r  s i g n i f i c a n c e  i s  the predominance of t h e  peak r e sponse  
i n  t h e  20- t o  30-cps f r equency  r e g i o n .  These d a t a  do n o t  a g r e e  
w i t h  t h e  c a l c u l a t e d  v a l u e s  of fundamental  f r e q u e n c i e s  shown i n  
Tab le  111-1. The c a l c u l a t i o n  of fundamental  f r e q u e n c i e s  of t h e  
window panes w a s  based on t h e  assumption of f i x e d  boundary cond i -  
t i o n s .  It w a s  found, however, t h a t  wood compos i t ion  wal ls  w i t h  
windows e x h i b i t e d  a h i g h  v i b r a t i o n  r e sponse  t o  a c o u s t i c  e x c i t a t i o n .  
Thus, t h e  t o t a l  v i b r a t i o n  response of a window mounted i n  a wooden 
w a l l  i s  t h e  sum of t h e  v i b r a t i o n  of t h e  window and w a l l  as a s y s -  
t e m .  Those p l a t e  g l a s s  windows t h a t  were mounted i n  b lock  w a l l s  
t ended  t o  respond i n  t h e  manner of a p l a t e  w i t h  f i x e d  edges .  The 
s i m i l a r i t y  of t h e  r e sponse  of Window 7 ( a  22x32-in. p l a t e  window 
i n  a b l o c k  w a l l )  t o  t h e  windows t e s t e d  by NASA-Langley i s  a l s o  
shown i n  F i g .  111-22. 
The t e n s i l e  s t r e s s  i n  t h e  wood w a l l  window i s  l e s s  t h a n  t h a t  
of a b lock  w a l l  window f o r  t h e  same a c o u s t i c  e x c i t a t i o n .  T h i s  
phenomenon w i l l  be d i s c u s s e d  i n  more d e t a i l  l a t e r  i n  t h i s  r e p o r t .  
Many of t h e  windows i n  F l o r i d a  were l o o s e l y  mounted. The 
i o o s e n e s s  r e s u l t c d  from improper mounting, poor d e s i g n ,  o r  a g i n g .  
Some windows were t i g h t l y  mounted on one o r  more edges and l o o s e  
on t h e  remaining edges.  Occasional  j a l o u s y  and awning windows 
"banged" a g a i n s t  a d j o i n i n g  panes under  a c o u s t i c  l o a d i n g .  S e c t i o n  
windows cou ld ,  i n  some c a s e s ,  be d e f l e c t e d  w i t h o u t  s i g n i f i c a n t  
bending of t h e  g l a s s .  Near the  f a i l u r e  sound-p res su re  l e v e l s ,  
some wood and aluminum frames i n c u r r e d  s t r u c t u r a l  f a i l u r e  b e f o r e  
ac tua l  g l a s s  f a i l u r e .  It would n o t  be p o s s i b l e  t o  a c c u r a t e l y  de- 
f i n e  a l l  boundary c o n d i t i o n s .  During t h e  F l o r i d a  t e s t s ,  an a t t e m p t  
w a s  made t o  t e s t  a c r o s s  s e c t i o n  oE windows t o  produce a d a t a  
s p r e a d  t h a t  i n c l u d e d  t h e  extremes i n  boundary c o n d i t i o n s .  The d a t a  
a p p e a r  t o  l i e  between t h e  c a s e  of windows mounted i n  b lock  w a l l s  
and windows mounted i n  wood w a l l s .  
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Tab le  111-1 Fundamental F requenc ie s  
Martin CR-64-65 (Vol I) 
Frequency (cps)  
(a)  Comparison of Vibrat ion Response of  P l a t e  Window Mounted 
i n  Wood Wall and P l a t e  Window Mounted i n  Concrete Block 
Wall 
30 40 50 60 80 100 200 300 400 600 
Frequency (cps) 
(b) Vibra t ion  Response of a Plate Glass Test Window, NASA- 
Langley (Ref 18) n 
Frequency (cps) 
(c )  Vibra t ion  Response of Plate Glass Window i n  Concrete 
Block Wall, F lor ida  Test Window 7 
Fig. 111-22 Vibrat ion Response of Various P l a t e  Glass Windows 
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S t r e s s  d a t a  p o i n t s  vs sound-p res su re  l e v e l  a r e  shown i n  F i g .  
1 1 1 - 2 3 .  S t r e s s  was computed from s t r a i n  d a t a  by Eq [111-331. The 
d a t a  from t h e  random t e s t s  were p l o t t e d  d i r e c t l y .  The e q u i v a l e n t  
random e x c i t a t i o n  l e v e l  f o r  t h e  s i n u s o i d a l  t e s t s  w a s  determined 
from Eq [ I I I - 3 9 ] ,  c o r r e c t e d  f o r  bandwidth,  and p l o t t e d  as equ iva -  
l e n t  random 113-octave sound-p res su re  l e v e l .  These d a t a  appea r  
t o  l i e  on a l i n e  t h a t  h a s  t h e  same s l o p e  as t h e  c a l c u l a t e d  v a l u e s  
shown i n  F i g .  111-21. The bandwidth c o r r e c t i o n  depended on t h e  
f r equency  a t  which maximum s t r e s s  o c c u r r e d .  The peak f r equency ,  
however, occu r red  w i t h i n  such a narrow band of f r e q u e n c i e s  t h a t  
t h e  use of a bandwidth c o r r e c t i o n  f o r  t h e  31-cps f i l t e r  f o r  a l l  
d a t a  would have produced an e r r o r  of l e s s  t h a n  1 db. During t h e  
s i n u s o i d a l  t e s t s  a t  Denver, a c c e l e r a t i o n  l e v e l s  were measured f o r  
v a r i o u s  sound-p res su re  l e v e l s  a t  t h e  peak r e s o n a n t  f r e q u e n c y .  The 
a c o u s t i c  l e v e l  w a s  r a i s e d  from 135 db u n t i l  f a i l u r e  o c c u r r e d .  
These data a r e  shown as a c c e l e r a t i o n  i n  g peak vs ms sound-p res su re  
l e v e l  i n  F i g .  111-24. The window response  e x h i b i t e d  a l i n e a r  be- 
h a v i o r  below 135 t o  137 db. Above t h e s e  l e v e l s ,  n o n l i n e a r i t y  
became a p p a r e n t .  S t r a i n  d a t a  a c q u i r e d  d u r i n g  t h e  135-db e x c i t a -  
t i o n  provided a s i n g l e - p o i n t  c o r r e l a t i o n  of s t r e s s  and a c c e l e r a -  
t i o n .  S ince  t h e  s l o p e  of t h e  d a t a  w a s  a p p r o x i v a t e l y  t h e  same as 
t h e  s t r e s s  d a t a  below 135 db, i t  w a s  assumed t h a t  t h e  s t r e s s -  
a c c e l e r a t i o n  r e l a t i o n s h i p  would ho ld  f o r  o t h e r  s o u n d - p f k s u p e  
l e v e l s .  The a c c e l e r a t i o n  l e v e l s  of F i g .  111-24 were p l o t t e d  i n  
terms of s t ress  i n  F i g .  111-25. S t r a i n  d a t a  from t h e  l e f t  window 
were i n c o r r e c t  and t h e  s t r e s s  l e v e l s  were n o t  i n c l u d e d .  The d a t a  
from F ig .  111-25 were p l o t t e d  w i t h  t h e  NASA-Langley d a t a  i n  F i g .  
111-26. The shape of t h e s e  two c u r v e s  i s  s imi l a r  bu t  t h e  d a t a  
from t h i s  t e s t  program a r e  d i s p l a c e d  approx ima te ly  10 db t o  t h e  
r i g h t .  A s  p r e v i o u s l y  mentioned, t h e  NASA-Langley d a t a  were t a k e n  
from a window pane t h a t  c l o s e l y  resembled a p l a t e  w i t h  clamped 
edges and r i g i d  s u p p o r t s .  Good agreement between c a l c u l a t e d  
v a l u e s  and measured v a l u e s  were found i n  t h e  l i n e a r  r e g i o n .  A t  
h i g h e r  sound p r e s s u r e  l e v e l s ,  however, t h e  v i b r a t i o n  r e sponse  be- 
came i n c r e a s i n g l y  n o n l i n e a r .  Except f o r  p l a t e  windows i n  masonry 
w a l l s ,  t h e  windows t h a t  were t e s t e d  i n  t h i s  s t u d y  d i d  n o t  produce 
' s t r e s s e s  of  t h e  magnitude t h a t  were produced i n  t h e  NASA-Langley 
t e s t s .  There a r e  two p o s s i b l e  e x p l a n a t i o n s  f o r  t h i s  d i f f e r e n c e .  
F i r s t ,  windows t h a t  were mounted i n  wood w a l l s  d i d  n o t  have r i g i d  
s u p p o r t s .  The wooden wal l s  themselves  were a l s o  s u b j e c t e d  t o  
a c o u s t i c a l l y  induced v i b r a t i o n .  I f  t h e  w a l l  and window were v i -  
b r a t i n g  i n  phase,  t h e  window pane and t h e  w a l l  would e x p e r i e n c e  
t h e  same harmonic motion and t h e  s t r e s s  i n  t h e  window would t h e r e -  
f o r e  be l e s s .  I n  a d d i t i o n ,  most of t h e  windows were l o u v e r e d ,  
awning, double  hung, o r  some t y p e  t h a t  d i d  n o t  resemble a homo- 
genous p l a t e .  Some O c  t h e s e  edge c o n d i t i o n s  were s u f f i c i e n t l y  
f r e e  and t h e  s u p p o r t s  s u f f i c i e n t l y  l i m b e r  t h a t  c o m p a r a t i v e l y  lower 
' 
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s t r e s s e s  were produced a t  the  c e n t e r  of t he  pane .  Th i s  c o n c l u s i o n  
seemed t o  be v a l i d  because of t he  s i m i l a r  shape  of t h e  two cu rves  
of F i g .  111-26. It appeared t h a t  t h e  v i b r a t i o n  r e sponse  of t h e  
p l a t e  window w i t h  f i x e d ,  r i g i d  edge c o n d i t i o n s  w a s  g e n e r a l l y  lower 
f o r  t h e  same sound p r e s s u r e  l e v e l  t h a n  t h e  o t h e r  windows t h a t  were 
t e s t e d ,  bu t  t h a t  when equa l  s t r e s s  w a s  induced i n  t h e  i n d i v i d u a l  
panes a t  h i g h e r  sound p r e s s u r e  l e v e l s ,  t h e  stress re sponse  c u r v e  
of each pane w a s  s imilar .  Thus, t h e  most f r a g i l e  window would 
appea r  t o  be a p l a t e  g l a s s  w i t h  clamped edges and r i g i d  s u p p o r t s ,  
such as a 1 / 8 - i n .  p l a t e  g l a s s  i n  a masonry w a l l .  Data a c q u i r e d  
on t h e  NASA t e s t  w a l l  a t  JFKSC dur ing  t h e  SA-6 f l i g h t  i s  a l s o  
shown i n  F i g .  111-2$. These p o i n t s  show good agreement w i t h  o t h e r  
d a t a .  
Thus f a r ,  we have determined t h e  s t r e s s  r e sponse  and f r a g i l i t y  
l e v e l  a t  o n l y  t h e  fundamental  f requency .  The f r a g i l i t y  l e v e l  a t  
o t h e r  f r e q u e n c i e s  may be determined by making two s i m p l i f y i n g  as- 
sumpt ions .  F i r s t ,  t h e  f a i l u r e  s t r e s s  i s  assumed t o  be t h e  same 
a t  a l l  f r e q u e n c i e s .  The y i e l d  s t r e n g t h  of g l a s s  h a s  been shown t o  
i n c r e a s e  w i t h  t h e  r a t e  o f  l oad ing .  Thus, t h i s  assumpt ion  shou ld  
p rov ide  c o n s e r v a t i v e  e s t i m a t e s .  A y i e l d  s t r e n g t h  of 5000 p s i  w a s  
found from both  t h e s e  t e s t s  and t h e  NASA-Langley t e s t s ,  and w i l l  
t h e r e f o r e  be used .  Second, t h e  sound p r e s s u r e - s t r e s s  r e l a t i o n s h i p  
i s  assumed t o  be t h e  same a t  a l l  f r e q u e n c i e s  as a t  r e sonance .  An 
examinat ion  of t h e  random t e s t  d a t a  showed t h i s  assumption t o  be 
approx ima te ly  t r u e  i n  t h e  l i n e a r  range,  a s  i n d i c a t e d  i n  F i g .  III- 
27.  The s t r e s s - a c c e l e r a t i o n  r e l a t i o n s h i p  was e s t a b l i s h e d  a t  
resonance  and cou ld  be determined f o r  o t h e r  f r e q u e n c i e s  from Eq 
[111-321. The sound p r e s s u r e  l e v e l  (ASPL) r e q u i r e d  t o  i n c r e a s e  
t h e  s t ress  t o  5000 p s i  was determined from F i g .  111-26. The sum 
of  t h e  ASPL and t h e  t e s t  l e v e l  y i e l d e d  t h e  approximate  sound p r e s -  
s u r e  l e v e l  t h a t  would induce  f a i l u r e  a t  t h a t  f r equency .  T h i s  
procedure  w a s  fo l lowed f o r  a l l  d a t a  and t h e  r e s u l t s  p l o t t e d  i n  
F i g .  111-28. 
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F i g .  111-23 Peak T e n s i l e  S t r e s s  vs  1/3-Octave-Band Sound-Pressure Level  a t  t h e  
Peak V i b r a t i o n  Frequency (Data Obtained from S t r a i n  Measurements) 
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F i g .  111-24 Accelera t ion  Levels a t  Increasing Sound Pressure  Levels a t  Peak 
Vibrat ion Frequencies of 25 t o  31 c p s  (Data Obtained during 
Denver Sinusoidal  Tes ts )  
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Fig. 111-25 Peak Tensile Stress vs 1/3-0ctave-Band Sound-Pressure Level at Peak 
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Fig. 111-26 Stress vs Free Field Sound-Pressure Level Comparing Data from Three Sources 
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SPL (db in 1/3-0ctave Bands) 
Fig. 111-27 Acceleration with Increasing Sound-Pressure 
Levels from Random Tests, Window 3, Runs 1 
thru 5, Accelerometer 4 
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I V .  ROCKET ENGINE NOISE DAMAGE CRITERIA 
A .  CONSIDERATIONS 
Recent ly ,  des ign  s p e c i f i c a t i o n s  f o r  l a r g e  space  b o o s t e r  launch  
f a c i l i t y  s t r u c t u r e s  and equipment have inc luded  r o c k e t  engine  n o i s e  
damage c r i t e r i a .  
a ba lance  of s t r u c t u r a l  and l o c a t i o n  pa rame te r s ,  For  example, i t  
may be d e s i r a b l e  t o  l o c a t e  an equipment b u i l d i n g  i n  an  area of  
t h e  lowes t  n o i s e  t o  reduce s t r u c t u r a l  c o s t ,  bu t  such a move might  
i n c r e a s e  t h e  c o s t  of s i g n a l  t r a n s m i s s i o n  t o  t h e  launch  s t a n d .  
Thus,  a t r a d e o f f  between c o s t s  would y i e l d  t h e  optimum d e s i g n .  
Such a t r a d e o f f  i s  p o s s i b l e  because t h e  e n g i n e e r  h a s  c o n t r o l  of 
n o t  o n l y  t h e  l o c a t i o n  and des ign ,  bu t  a l s o  t h e  q u a l i t y  of des ign ,  
m a t e r i a l s ,  and c o n s t r u c t i o n .  S ince  t h e  performance r equ i r emen t s  
and f r a g i l i t y  l e v e l s  a r e  known, a w e l l - d e f i n e d  conf idence  l e v e l  
may be a t t a c h e d  t o  t h e  c r i t e r i a ,  I n  d e r i v i n g  a damage c r i t e r i a  
f o r  communities,  however, t h e  parameters  a r e  no t  so a c c u r a t e l y  
known. F i r s t ,  t h e  t y p e  and q u a l i t y  of s t r u c t u r e s  a r e  n o t  as w e l l  
d e f i n e d  o r  c o n t r o l l e d ,  and surveys  of a sample of s t r u c t u r e s  are  
n e c e s s a r y  t o  d e f i n e  t h e  s t r u c t u r e  c a t e g o r y .  I n  a d d i t i o n ,  t h e  
c o n s t r u c t i o n  of new b u i l d i n g s  i s  n o t  c l o s e l y  c o n t r o l l e d .  Second, 
t h e  c h o i c e  of a conf idence  l i m i t ,  o r  s a f e t y  f a c t o r ,  i s  no t  a f i x e d  
parameter  bu t  a v a r i a b l e  t h a t  m u s t  be chosen by t h o s e  u l t i m a t e l y  
r e s p o n s i b l e  f o r  any damage t h a t  might occur .  
These c r i t e r i a  a r e  g e n e r a l l y  achieved  through 
The f o l l o w i n g  f a c t o r s  w i l l  be c o n s i d e r e d  i n  t h e  s e l e c t i o n  of 
a r o c k e t  engine  n o i s e  damage c r i t e r i a :  
1) S t r u c t u r a l  f r a g i l i t y ;  
2) Confidence l i m i t s ;  
3) S a f e t y  f a c t o r ;  
4 )  Types of s t r u c t u r e s .  
Each of  t h e s e  f a c t o r s  w i l l  be cons ide red  s e p a r a t e l y  t o  provide  t h e  
r e a d e r  w i t h  h i s  cho ice  i n  de te rmining  t h e  e f f e c t  on t h e  c r i t e r i a .  
S e c t i o n s  B t h r u  D w i l l  be devoted t o  windows a l o n e ,  w h i l e  S e c t i o n  
E w i l l  cover  w a l l  s t r u c t u r e s .  
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B.  STRUCTURAL FRAGILITY 
From t h e  p rev ious  t e s t s ,  we have de termined  t h e  f r a g i l i t y  of 
a number of window u n i t s .  These d a t a  a r e  shown i n  F i g ,  111-28. 
It was assumed t h a t  t h i s  sample was r e p r e s e n t a t i v e  of t h o s e  
windows i n  communities n e a r  MILA t h a t  w i l l  b e  s u b j e c t e d  t o  l a r g e  
space  b o o s t e r  launch  n o i s e .  A s u r v e y  of t h e  communities w a s  con-  
duc ted  t o  v e r i f y  t h i s  assumpt ion .  The c o n d i t i o n s  gove rn ing  t h e  
f r a g i l i t y  of t h e s e  window u n i t s  v a r y  ove r  a wide r ange .  Some of 
t h e  c o n d i t i o n s  a r e :  
The v i b r a t i o n  r e sponse  of windows mounted i n  wooden 
w a l l s  d i d  n o t  a g r e e  w i t h  c a l c u l a t e d  v a l u e s .  I n  g e n e r a l ,  
t h e  fundamental  mode of t h e  window corresponded w i t h  
t h e  fundamental  f r equency  of t h e  window-wall sys tem;  
The f i r s t  mode of t h e  wood w a l l s  i n  t h e  h o r i z o n t a l  
d i r e c t i o n  was governed by t h e  d i s t a n c e  between s t u d s .  
Thus, t h e  lowes t  v i b r a t i o n  mode of most wood wa l l s  
occur red  i n  a narrow f r equency  band, c e n t e r e d  around 
30 c p s ;  
The v i b r a t i o n  r e sponse  of p l a t e  g l a s s  windows i n s t a l l e d  
i n  masonry wa l l s  most n e a r l y  d u p l i c a t e d  t h e  c a l c u l a t e d  
values  u s i n g  p l a t e  t h e o r y ;  
The  edge c o n d i t i o n s  of windows t h a t  were louve red ,  
awning, wood s a s h ,  fou r -pane ,  e t c ,  v a r i e d  wide ly  from 
window t o  window. A s  a r e s u l t ,  t h e  measured v a l u e s  
of t h e  fundamental  f r equency  v a r i e d  w i d e l y  from c a l -  
c u l a t e d  v a l u e s ;  
During t h e  t e s t s  a t  Denvei-, t h e  window f a i l u r e s  were 
accompanied by s imul t aneous  f a i l u r e  of  some f rames  
( d e s c r i b e d  i n  Chap. 11); 
Some windows, sucli as louve red  windows, had a tendency  
t o  bang a g a i n s t  a d j o i n i n g  panes .  The pane t h i c k n e s s  
of l ouve red  windows was g e n e r a l l y  t h i c k e r ,  which had 
a tendency  t o  o f f s e t  t h e  s t r e s s e s  induced by t h e  i m -  
p a c t  . 
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The c o n c l u s i o n  drawn from t h e  p r e c e d i n g  c o n d i t i o n s  i s  t h a t  
t h e  many v a r i a b l e s  invo lved  make p r e c i s e  d e f i n i t i o n  of  window 
f r a g i l i t y  u n f e a s i b l e .  It would appear ,  t h e r e f o r e ,  t h a t  t h e  a p -  
proach t aken  i n  t h i s  s t u d y  i s  the  most p r a c t i c a l  a t  t h i s  t ime .  
A l l  d a t a  w i l l  be c o n s i d e r e d  a s  a group and n o t  i n d i v i d u a l l y ,  and 
t h e  f r a g i l i t y  l e v e l s  of F i g .  111-28 w i l l  be  c o n s i d e r e d  i n  terms 
of t h e i r  d i s t r i b u t i o n  and used t o  f o r m u l a t e  a f r a g i l i t y  c r i t e r i o n .  
The e f f e c t  of ag ing  on t h e  y i e l d  s t r e n g t h  of windows h a s  been 
s t u d i e d  by S e i d e r s  and McKinley (Ref 1 7 ) .  Some of t h e i r  f i n d i n g s  
a re  d i s c u s s e d .  Glass s t r e n g t h  i s  a f f e c t e d  by c o n d i t i o n  of s u r f a c e ,  
r a t e  of l o a d i n g ,  and s i z e .  The l a s t  of t h e s e  f a c t o r s  was i n c l u d e d  
i n  t h e  t e s t i n g  and now t h e  c h i e f  concern i s  w i t h  t h e  e f f e c t  of 
s u r f a c e  c o n d i t i o n s .  S e i d e r s  and McKinley l i s t e d  t h o s e  c o n d i t i o n s  
t h a t  c a u s e  s u r f a c e  f l a w s :  
1) Atmosphere - water vapor and sand a b r a s i o n ;  
2) P roduc t ion  f l aws  - batch i r r e g u l a r i t i e s  and p o l i s h i n g  
d e f e c t s ;  
3) Packaging f l a w s  - s c r a t c h e s ,  w a t e r  s p o t s ,  scum, and 
s t r a i n .  
- i h e  t e s t s  i n  Ref 1 7  have shcwn t h a t  s u r f a c e  f l a w s  can r educe  
s t r e n g t h  over  50%. Such a dec rease  i n  y i e l d  s t r e n g t h  c o u l d  r e s u l t  
i n  a d e c r e a s e  i n  t h e  f r a g i l i t y  l e v e l  of 10 db. Thus, f u r t h e r  e v a l u -  
a t i o n  i s  r e q u i r e d .  The t y p e  of c u t  which produced t h e  l a r g e  r educ -  
t i o n  i n  s t r e n g t h  w a s  made by a c u t t i n g  wheel .  Shal low s u r f a c e  
s c r a t c h e s  had l i t t l e  weakening e f f e c t .  Abrasion t e s t s  caused s u r -  
f a c e  s c r a t c h e s  and a r e d u c t i o n  i n  t h i c k n e s s .  Both s c r a t c h  and 
a b r a s i o n  t e s t s  were des igned  t o  s i m u l a t e  packaging environments .  
The a i r  b l a s t i n g  t e s t s  w i t h  70 g r i t  carborundum w e r e  pe rhaps  more 
i n d i c a t i v e  of t h e  F l o r i d a  environment where blowing sand and d u s t  
c a n  cause  s u r f a c e  damage. Thus, t h e  damaged windows can  be d i v i d e d  
i n t o  two c a t e g o r i e s :  t h o s e  damaged d u r i n g  packaging and i n s t a l l a -  
t i o n  and t h o s e  damaged from wind e r o s i o n .  Because of t h e  h i g h  
v e l o c i t y  h u r r i c a n e  winds ( t h e  b u i l d i n g  code s p e c i f i e s  d e s i g n  f o r  
120 mph), o l d e r  windows whose s t r e n g t h  h a s  been reduced by s u r f a c e  
damage, may f a i l  d u r i n g  h u r r i c a n e  winds.  Reg ie r ,  e t  a l .  (Ref 15) 
found 1 / 8 - i n .  window g l a s s  f a i l u r e s  r a n g i n g  from 30 psf t o  150 psf 
w h i l e  Bowles and Sugarman (Ref 18) found a mean of 108 psf  f o r  40 
p a n e l s .  The Bowles and Sugarman d a t a  a r e  shown i n  F i g .  I V - l a .  
The extremes proposed by Reg ie r ,  e t  a l .  a r e  imposed on t h i s  g raph .  
It would a p p e a r  t h a t  any s i z a b l e  r e d u c t i o n  i n  b r e a k i n g  s t r e n g t h  
would r e s u l t  i n  window breakage d u r i n g  h u r r i c a n e  winds.  Thus, 
o l d e r  windows would as a group, t e n d  t o  have fewer i m p e r f e c t i o n s  
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which would lower t h e i r  b reak ing  s t r e n g t h .  Wind e r o s i o n  t e n d s  t o  
r educe  g l a s s  t h i c k n e s s .  From F i g .  I V - l b ,  i t  can be s e e n  t h a t  
a r e d u c t i o n  i n  t h i c k n e s s  of 25% on a 1 / 8 - i n .  p l a t e  would r e s u l t  
i n  d e c r e a s e  i n  f r a g i l i t y  l e v e l  of l e s s  t h a n  3 db. It would a p p e a r ,  
t h e r e f o r e ,  t h a t  window breakage might be more s e v e r e  f o r  new con- 
s t r u c t i o n  t h a n  o l d .  It would be i m p r a c t i c a l  t o  account  f o r  a l l  
p o s s i b l e  c a s e s .  Cons ide r ing  t h e  s m a l l  p e r c e n t a g e  o f  new c o n s t r u c -  
t i o n  t o  o l d e r  c o n s t r u c t i o n  ( t h a t  s u r v i v i n g  one h u r r i c a n e  s e a s o n ) ,  
and c o n s i d e r i n g  f u r t h e r  t h e  small p e r c e n t a g e  of windows w i t h  re- 
duced b reak ing  s t r e n g t h ,  i t  would a p p e a r  t h a t  breakage from s u r f a c e  
i m p e r f e c t i o n  weaknesses would be n e g l i g i b l e .  
C .  CONFIDENCE LIMITS 
The t e s t i n g  of windows w i t h  a wide v a r i e t y  of age ,  edge cond i -  
t i o n s ,  and window composi t ion has produced a l a r g e  v a r i a t i o n  of 
window s t ress  f o r  a g iven  i n p u t  sound p r e s s u r e  l e v e l .  T h i s  i s  
i l l u s t r a t e d  i n  F i g .  111-26 where,  f o r  example, a t  131 db i n p u t  a t  
t h e  r e s o n a n t  f r equency  t h e  measured s t r e s s  f o r  a l l  windows v a r i e d  
from 1600 t o  4000 p s i .  I n  o t h e r  words, a t  any g iven  sound p r e s -  
s u r e  l e v e l  some windows w i l l  r e a c t  t o  produce a l a r g e  g l a s s  s t ress ,  
w h i l e  o t h e r s  w i l l  e x h i b i t  a r e l a t i v e l y  low s t r e s s .  Th i s  i n d i c a t e s  
t h a t  a s i n g l e  f r a g i l i t y  cu rve  w i l l  n o t  a d e q u a t e l y  d e s c r i b e  t h e  
r e sponse  of t h e  e n t i r e  window p o p u l a t i o n .  R e f e r r i n g  a g a i n  t o  
F i g .  111-26, i t  can be seen  t h a t  t h e  mean s t ress  a t  a sound p r e s -  
s u r e  l e v e l  of 131 db i s  about  2800 p s i  and t h a t  t h e  maximum s t ress  
measured was 4000 p s i .  These r e s u l t s ,  however, do n o t  r u l e  o u t  
t h e  p o s s i b i l i t y  of a window c o n f i g u r a t i o n  e x i s t i n g  ( n o t  measured 
i n  t h e s e  t e s t s )  which would r e s u l t  i n  a window s t r e s s  of  5000 p s i  
a t  t h i s  sound p r e s s u r e  l e v e l  i n p u t .  F o r  t h i s  r e a s o n  t h e  measured 
s t r e s s  d a t a  have been ana lyzed  t o  de t e rmine  t h e  s t a t i s t i c a l  cha rac -  
t e r i s t i c s  which would be u s e f u l  i n  e s t a b l i s h i n g  t h e  f r a g i l i t y  
c u r v e s .  Assuming a normal d i s t r i b u t i o n  of t h e  s t r e s s  t h e  s t a n d a r d  
d e v i a t i o n  ( s  ) was c a l c u l a t e d  from t h e  d a t a  of F i g .  111-26. Con- 
s u l t i n g  t a b l e s  of a r e a s  of t h e  normal cu rve  (Ref 19) ( a c t u a l l y  
a t t a b l e  f o r  small samples) we f i n d  t h a t  if we go 1.86 s t a n d a r d  
d e v i a t i o n s  above t h e  mean s t ress ,  t h e n  95% of t h e  p o p u l a t i o n  w i l l  
l i e  below t h i s  p o i n t ;  t h a t  i s  from 1.86 sn t o  minus i n f i n i t y .  
means ( r e f e r r i n g  t o  t h e  lower curve of F i g .  111-26) t h a t  a sound 
p r e s s u r e  l e v e l  of 135 db produces a mean s t r e s s  of ,-3600 p s i  and 
t h a t  95% of t h e  p o p u l a t i o n  l i e s  below 3600 4- 1.86 s where s 
e q u a l s  750 p s i .  T h e r e f o r e  5% of t h e  s t r e s s  p o p u l a t i o n  w i l l  equa l  
n 
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o r  exceed 5000 p s i .  It can  a l s o  be seen  t h a t  50% of t h e  s t r e s s e s  
w i l l  exceed 5000 p s i  when t h e  sound p r e s s u r e  l e v e l  e q u a l s  141 db 
s i n c e  t h i s  i s  on t h e  approximate mean l i n e .  Proceeding i n  t h i s  
manner and us ing  t h e  approximate mean l i n e  d a t a  of F i g .  111-28, 
F i g .  IV-2 r e s u l t s .  We r e a d  f o r  example t h a t  i f  t h e  i n c i d e n t  f r e e  
f i e l d  sound p r e s s u r e  l e v e l  r eaches  132 db a t  30 c p s ,  t hen  1% of 
t h e  windows i n  t h e  p o p u l a t i o n  w i l l  have a s t r e s s  equa l  t o  o r  ex- 
ceeding 5000 p s i  and w i l l  f a i l .  I n  a s imi l a r  manner, i f  t h e  i n c i -  
d e n t  sound p r e s s u r e  l e v e l  i n  t h e  30 cps band e q u a l s  136.5 db, t h e n  
10% of t h e  windows w i l l  be s t r e s s e d  t o  5000 p s i .  The 50% f a i l u r e  
l i n e  comes d i r e c t l y  from t h e  approximate mean l i n e  of F i g .  111-28 
w i t h  t h e  l i n e  a t  30 cps f i x e d  by t h e  measured f a i l u r e  p o i n t  of 
F i g .  111-26. The s t r e s s  d i s t r i b u t i o n  i s  assumed t o  be t h e  same 
f o r  f r e q u e n c i e s  o f f  resonance as t h a t  a t  r e s o n a n c e ,  The c u r v e s  
of F i g .  IV-2 below resonance a r e  d o t t e d  because o n l y  a few d a t a  
p o i n t s  were a v a i l a b l e  and t h e  accu racy  of f i x i n g  t h e  l i n e  i s  poor .  
The p l a t e a u  a t  150 db a t  low f r e q u e n c i e s  i s  t h e  damage l e v e l  where 
a c o u s t i c  peak p r e s s u r e s  e q u a l  s t a t i c - f a i l u r e  p r e s s u r e s  (Ref 1 5 ) .  
F i g u r e  IV-2 i s  t h e  window damage c r i t e r i a ,  
D. SAFETY FACTOR 
The s a f e t y  f a c t o r  of  window panes h a s  been d e f i n e d  by McKinley 
and i s  shown i n  F i g u r e  IV-3a. The s a f e t y  f a c t o r  i s  shown i n  terms 
of d e c i b e l s  i n  F i g .  IV-3b. The use of t h e  s a f e t y  f a c t o r  i s  v e r y  
s imple.  The s a f e t y  f a c t o r  i s  chosen and found i n  terms of a d e c i -  
b e l .  Then t h e  c r i t e r i a  a r e  lowered by a c o r r e s p o n d i n g  number of 
d e c i b e l s .  Fo r  example, a s a f e t y  f a c t o r  of 5 would lower t h e  c r i -  
t e r i a  by 7 db.  
E. WALL DAMAGE C R I T E R I A  
The f r a g i l i t y  of w a l l s ,  p a r t i c u l a r l y  wood wa l l s  w i t h  e x t e r i o r  
s t u c c o  o r  i n t e r i o r  p l a s t e r ,  i s  much more d i f f i c u l t  t o  de t e rmine  
than  f r a g i l i t y  of windows. While t h e  f r a c t u r e  of windows from 
a c o u s t i c  l o a d i n g  i s  n o t  n e c e s s a r i l y  t ime dependent ,  t h e  f a i l u r e  of 
p l a s t e r  i s .  A c o n v e n t i o n a l  s t r e s s  s t r a i n  c u r v e  f o r  p l a s t e r  would 
be d i f f i c u l t  t o  draw. As a p l a s t e r  w a l l  becomes s t r e s s e d ,  some 
of  t h e  f i b e r s  f a i l  and t h e  s t r e n g t h  i s  r e d u c e d .  The age of  p l a s t e r  
will a l s o  a f f e c t  i t s  r e s i s t a n c e .  New p l a s t e r  i s  h i g h l y  e l a s t i c  
w h i l e  o l d e r  p l a s t e r  becomes q u i t e  b r i t t l e .  O lde r  p l a s t e r ,  however, 
I 
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may be covered w i t h  s u f f i c i e n t  c o a t s  of p a i n t  t o  g i v e  i t  a highei-  
t e n s i l e  s t r e n g t h .  None of t h e  t e s t  houses  c o n t a i n e d  p l a s t e r  w a l l s  
t h a t  had n o t  been p r e v i o u s l y  damaged s o  t e s t  d a t a  p o i n t s  c o u l d  be 
a c q u i r e d .  Some response measurements were made, however’, and w i l l  
be u t i l i z e d  t o  a l l o w  a comparison w i t h  d a t a  t aken  by o t h e r s .  
B u i l d i n g  damage from s o n i c  booms w a s  d i s c u s s e d  by Mays and 
Edge (Ref  20) .  An example of t h e i r  e x p e r i e n c e  i s  shown i n  F i g .  
IV-4. The r o c k e t  eng ine  n o i s e  would be comparable t o  a n  o v e r a l l  
sound p r e s s u r e  l e v e l  of approx ima te ly  130 db ,  
The Bureau of Mines h a s  conducted s e v e r a l  s t u d i e s  of  b u i l d i n g  
damage from b l a s t i n g .  The r e su l t s  of t h e s e  t e s t s  were used t o  
f o r m u l a t e  damage c r i t e r i a  (Ref 21)  shown i n  F i g .  I V - 5 .  Although 
t h e s e  c r i t e r i a  were fo rmula t ed  from s e i s m i c  e x c i t a t i o n ,  t h e y  can 
be used € o r  a c o u s t i c  e x c i t a t i o n  s i n c e  t h e  damage was expres sed  i n  
terms of d i s p l a c e m e n t .  Measured d i s p l a c e m e n t s  a c q u i r e d  from wood 
w a l l s  d u r i n g  t h e  F l o r i d a  t e s t s  a r e  superimposed on F i g .  I V - 5 .  
S i n u s o i d a l  a c o u s t i c  energy a t  135 db w a s  used.  Data below 50 c p s  
w a s  n o t  u s a b l e .  G e n e r a l l y ,  t h e  d a t a  were approx ima te ly  t h e  same 
as t h e  d a t a  p o i n t s  a c q u i r e d  through t h e  Bureau of Mines’  t e s t s .  
The damage c r i t e r i o n  f o r  a c o u s t i c  e x c i t a t i o n  w a s  de t e rmined  i n  t h e  
f o l l o w i n g  manner. F i r s t ,  a damage c r i t e r i o n  l i n e  f o l l o w i n g  t h e  
”Crande l l  L ine  of V = 3 . 3  i n . / s e c ”  w a s  chosen f o r  t h i s  s t u d y .  
Next, a 3est f i t  l i n e  was drawn th rough  t h e  M a r t i n  d a t a .  The 
d i s t a n c e  between t h e  b e s t  €it l i n e  and t h e  c r i t e r i o n  l i n e  c o u l d  
t h e n  be de t e rmined .  S i n c e  t h e  e x c i t a t i o n  l e v e l  t h a t  produced 
t h e  Mar t in  d a t a  was known, t h e  e x c i t a t i o n  l e v e l  would produce a 
v e l o c i t y  of  3 . 3  i n . / s e c  c o u l d  be de t e rmined .  T h i s  l e v e l  i s  shown 
as t h e  lower p a r t  of t h e  p l a s t e r  c r i t e r i o n  of F i g .  I V - 6 .  The 
upper  l i n e  of t h e  c r i t e r i o n  was determined by t h e  d i s t a n c e  between 
t h e  3 . 3  i n . / s e c  and 7 . 6  i n . / s e c  l i n e  of F i g .  I V - 5 .  The c r i t e r i o n  
was n o t  extended below 10 cps  s i n c e  t h e  Bureau of Mines d a t a  do 
n o t  ex tend  i n t o  t h i s  r e g i o n .  The w a l l b o a r d  c r i t e r i a  were d e r i v e d  
from t h e  Denver t e s t  d a t a .  Since o n l y  two d a t a  p o i n t s  were t aken ,  
a s a f e t y  f a c t o r  of 5 w a s  employed. Overp res su re  from wind g u s t s  
i n  t e rms  of e q u i v a l e n t  sound p r e s s u r e  l e v e l s  w a s  p l a c e d  on F i g .  
I V - 6 .  Note t h a t  a wind g u s t  with a f r equency  n e a r  t h e  fundamental  
f r e q u e n c y  of t h e  w a l l  could produce d i sp lacemen t s  i n  e x c e s s  of 
t h e  c r i t e r i o n .  
The wal l  damage c r i t e r i o n  was n u t - b a s e d  on many d a t a  p o i n t s  
and may n o t ,  t h e r e f o r e ,  be as a c c u r a t e  as t h e  window c r i t e r i o n ,  
The Acous t i c  Group a t  NASA Langley i s  p l a n n i n g  e x t e n s i v e  t e s t s  on 
p l a s t e r  walls i n  t h e  n e a r  f u t u r e .  It i s  sugges t ed  thAt t h e  d a t a  
from t h e s e  t e s t s  be used, when a v a i l a b l e ,  t o  r e v i s e  t h e  w a l l  c r i -  
t e r i a  s u g g e s t e d  by t h i s  s t u d y .  
IV-7  
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Figure I V - 4  shows t h a t  t h e  number of compla in t s  from w a l l  
damage exceeds t h a t  of window damage. T h i s  would be expec ted  
s i n c e  t h e  w a l l  c r i t e r i o n  i s  lower t h a n  t h e  window c r i t e r i o n .  The 
t y p e  of compla in t s  u s u a l l y  r e c e i v e d  were from minor damage, of 
v e r y  weak wa l l s .  Such compla in t s  may n o t  be as i n t e n s e  i n  T i t u s -  
v i l l e  s i n c e  t h e  h u r r i c a n e  winds have a tendency t o  s e p a r a t e  o u t  
t h e  weak s t r u c t u r e s .  
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*Rectangular l i g h t s  adequa te ly  suppor ted  on 
four  edges i n  a w e a t h e r t i g h t  r abbe t ,  as- 
suming s t a t i s t i c a l l y  normal s t r e n g t h  d i s t r i -  
bu t ion  and a c o e f f i c i e n t  of v a r i a t i o n  of 25%. 
a. R e l a t i o n s h i p  of S a f e t y  F a c t o r s  t o  t h e  S t a t i s t i c a l  P r o b a b i l i t y  
of F a i l u r e  
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b. R e l a t i o n s h i p  between S a f e t y  F a c t o r  and db 
Fig .  IV-3 S a f e t y  F a c t o r s  
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Note: 1. Damage zone - f a l l  of p l a s t e r ,  Semous cracks.  -
2. Minor damage - f i n e  cracks,  open o l d  cracks.  
3 .  Safe zone - no damage. 
+ 
1 I I Q I I l l  I I I I 1 I I l l  1 1 1 1 1  - 




Minor Damage - 
v - 5.4 in . /sec 
Major Damage 
V - 7.6 in . /sec 0 .rl 
- 
v - 2.0 in . /sec 
Damage C r i t e r i o n  
0 
0.01 v - 2.0 in./sec - - 
- - 
0.001. I I I I I I I l l  I I I 1 I I I l l  
10 100 600 
Frequency (cps)  















I Mar t in  CR-64-65 ( V o l  I) v-1 
V .  CONCLUSIONS 
During t h i s  s t u d y  rocke t  engine n o i s e  damage t h r e s h o l d s  of 
community b u i l d i n g s  n e a r  t h e  M e r r i t t  I s l a n d  Launch Area have been 
de termined .  Th i s  s t u d y  h a s  (1)  e s t i m a t e d  t h e  n o i s e  l e v e l s  pro-  
duced by P o s t - S a t u r n  c l a s s  b o o s t e r s ;  (2) examined t h e  a tmosphe r i c  
f o c u s i n g  problem; (3) determined t h e  damage c r i t e r i a  of windows 
i n  community d w e l l i n g s ;  ( 4 )  surveyed t h e  community d w e l l i n g s ;  
(5)  determined t h e  damage c r i t e r i a  f o r  b u i l d i n g s ;  and (6) d e t e r -  
mined a s a f e t y  f a c t o r  f o r  t h e s e  c r i t e r i a .  The n o i s e  l e v e l  p r e d i c -  
t i o n s  a r e  summarized i n  F i g .  V - 1 ,  where an o v e r a l l  sound p r e s s u r e  
l e v e l  of 118 db i s  shown i n  t h e  T i t u s v i l l e  a r e a  under  noimal  
wea the r  c o n d i t i o n s ,  and 133 db i s  shown under  c e r t a i n  f o c u s i n g  
. c o n d i t i o n s .  The damage c r i t e r i a  are Summarized i n  F i g .  V - 2 .  
In  c o n c l u s i o n ,  t h e  n o i s e  damage problem i n  t h e  T i t u s v i l l e  a r e a  
does  n o t  appea r  t o  be s i g n i f i c a n t  f o r  t h e  30 x 106- lb  t h r u s t  
b o o s t e r ,  now be ing  cons ide red  f o r  P o s t - S a t u r n ,  o r  S a t u r n  V .  Under 
f o c u s i n g  c o n d i t i o n s ,  some minor p l a s t e r  damage might be  e x p e c t e d .  
Under more s e v e r e  f o c u s i n g  c o n d i t i o n s ,  some major damage might  
o c c u r .  Note,  however, t h a t  some damage claims w i l l  r e s u l t  from 
d i s p l e a s u r e  ove r  t h e  presence  of t h e  n o i s e ,  i l l - f e e l i n g s  a g a i n s t  
NASA, poor c o n s t r u c t i o n  which would probably  f a i l  d u r i n g  t h e  n e x t  
h u r r i c a n e ,  e t c ,  even though t h e  n o i s e  l e v e l  i s  below t h e  c r i t e r i a .  
,- 
N +
0 0 0 
0 m m h 0 
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v -2 
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